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Pays 2; A. A. Vorobyev, V. A. Mcskalsv,
drgh-current bestatron and sterecbetatron. M., Atomizdat, 1969.

The book contains the original material, d=2dicated to the
azsvelopments of new induction accelerators - high-current betatrcrns
ard starecbetatrons. Are eiamined the fundamental questions, which
appear duriné the planning, installation and the operation of th=2
high-current betatrons: calculaticn and obtaining of the reyguired
megritic field of a;celerators, high-voltage system of tha injzcticn

of ¢lsctrens in the acceleraticn, system of the beam displaceman* of

th: zccelerated electrons frcm the equilibrium orbit to the targa<,

£y
[

Q

At trLe erd of the bcck ars given the materials on the corrzc*icrn
of nagnetic field in the twc-chamker stereobetatrons, develcped in
Temsk Pclytechnic Institute, and also some original methods cf
obtairing the uniform in the azimuth controllingy magnetic field,

shich does not require the subsequent correction.

The book is intended for scientific workers, graduate studcn<s .
ard sngineers, whc are interested in an increase in the effec*ivencess
ir the work of the inducticn electren accelerators.

11 tne bcok 21 figures, U4 tatles. At the end is jyiven the

5i1plicjyraphy c£ 15 designa“icns.
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PREFACE. N

The prcblem of an increase in the accelerated current angd
intensity cf ths radiation/emissicn of charged particle acceleratcrs
is a* present most urgentsactual and interests any developer of

accalerator facilities,

In Tomsk polytechpic irnstitute during the latter/last several
years vere carried out the scientific investigatiorns and the
tezchrical-2rnginsering developmants, directad toward a sharp increase
ir the current of the electrons, accelerated in the inductiorn
accelerators - betatrons., The result of these developments was th2
cr2ation of the original electron accelerators of the high-current
betatrors in which circulating in orbit electronic current reaches
anurdreds of amperes, and a number cf accelarated in the cycle

elactrons is approximately 3e1012,

This bcok is dedicated to some gquestions of theory and practice
of tpe creation of high-current betatrons and two-chamber
starecbetatrons, operated at present in soae scientific institutiors

and in the anterprises cf the ccuntry. During the writing of the book
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in essance ther? is used the criginal material, obtained by the
authors during the calculaticn, planning and the installation of th:

operating high~current tetatrons and stereobetatrons.

Due to the limited size of the book there is not given the
descripticr of other tygpes cf the high-current accelerators the

information about which appeared recently in tha literature.
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Page 4.
INTRODUCTION.

At present acceleratcrs are extensively used not only in the
sciertific investigations in nuclear physics, but also in the
medicine - for the treatment cf malignant swellings, in biology - for
th2 study of the effect of radiation/emission on the vegetable and
arimal organisms, including man, in the industrial flaw detection -
foz nondestructive inspecticn of large-siza and thick-walled articles
apd materials, in machine btuilding - for the high-speed/high-veloci¢y
ohectecgraph ¢f the fast-moving machine parts and mechanisms, irn
vhysics and chemistry - for the high-speed/high-velocity phctcyrap=n
of tne rapidly elapsing physical and chemical processes, and in many

other regions.

Because of simplicity of ccnstruction/design and
maintenance/servicing widest accegtance obtained the induction
alactron accelerator - betatrcn. At present in different countriss of
peace/world werk about 200 betatrons, moraover the majority of
betatrons is utilized in industrial flaw detoction and clinical
medicine. A smaller numker of betatrons is applied for the sciantific

irvestigations in the regicn of physics, cheaistry, etc.
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Irn proportion to the introduction of accelarators into the
national economy the requirements fcr them are steadily raised. In
this case one of the main requirements, presented now to all
accelerators without the excertions/elimination, iancluding to the
betatrons, consists of an increase in the accelerated current. Por
the betatron this indicates a sharp increase in the rate cf the dose

of the bremsstrahlung, generated ty accaleratcr.
Page 5Sa

Thz relatively lovw intensity c¢f the radiation/emission of betatrons

[

iaxts their fisld of applicaticn, since for conducting of many
contemporary experimental investigations are req&ited the beanm
currznts of accelerators, to cne = three orders exceed the curraats,
obtairsd at present. Therefore almost in all laboratories, which
carry dut by the dsvelopment cf new ones and by the operation cf ths
zxisting accelerators, fccus special attention on possibility

increases in the accelerat2d current.

An increase in the number cf accelarated particles and,
tharefore, intensity of the radiation/emission of betatrom even two

Oor three times represents the serious problem, during soluticn of
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which are encountered the definite difficulties of technical
character. The task of an increase in the accelsarated current by two
or tnree crders is considerably mcre complicated. It requires the
preliminary thecretical development of a question and unavoidably

leads ro qualitative changes cf aentire accalerator as a whole.

An increase of the current cf the charged/loaded particles ir
the betatron can be achieved/reached by a substantial change in sore

basic parameters of accelerator.

1. Increas2 in regicn of focusing forces of controlling magnetic
Zi1eld of betatron and resgpectively practical implementation cf thais
magnetic field which would be capatly hold dcwn/retain in orbi=
ascessary zlectronic charge %tc end/lead of cycle.of acceleration. An
ircrease in the region of the fccusing forces leads to the
appropriate increase in the irterpcle space of betatron. With the
ccresiderably larger sizes/dimensicns of the aperture of accelerator
it is nscessary tc apply the new principles of the calculaticn cf
magretic fiald and profilesairfcil cf the pole pieces, since <+he
usual calculation asethods prove tc te unsuitable, since sonme
approxaimationsysapproaches, for example the straightness of thes lines
of force of magnetic fie€ld in the gap of betatron, cannot be accept<d
for calculating the high-current betatron. Furthermore, tha large

circulating current of electrens creates sufficiently strcng propar
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magnetic field, which alsc must be taken into consideration during

calculaticns of high-current betatren.

2. Considerable increase in quantity of electroans, intrcducei
irtc accealerative dcughnut for guaranteaing calculated circulatirg
current in orbjt of acceleratcr. Here fundamental difficulty corsists
0f the development of the electrcn source, capable of ensuring ths
nigh currents of emissicn with the mirnimal sizes of the working
surface of emitter and under the ccndition of high stability and

large service life of socurce.
Page 6.

3. Ccrsiderable increase 1n wave enaergy c¢f electrens, with which
they are introduced in acceleraticn, for guaranteeing most opt mum
cenditicns fer acce2ptance in acceleration of necessary number of
2lectrons. 1In accordance with tte theory of inductive acceleratiorn
and the experimental data a maximums number of particles, seized inzc
th+ z2ccesleration, unlimitedly grows/rises with an increase in ttkes
en=2rgy of the irjection cf electrcns. Therefore upper boundary of %h=
vecltage of injection is determined c¢nly by the technical
corsidz2raticens, connected witn dielectric strength of the structural
2lements/cells of injectcr. Difficulty with the resolution of <he

ptoblem of high-voltage injection consists of the development of
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system which would allow ten tires to at lsast increase energy of tthe
introducticn/input of electrors in the acceleration, accepting with
respect tc the attsntion tha limitedness of space for the
arrangement/position of the parts cf injector, which are locatad
under the high pulse potential. Furthermore, the development stabla
workinJ pu’.e ganerator of the voltage of the specific form in
amplituae into hundreds c¢f kilcveclts and duration several

microseconds represents a rather serious task.

4. Change of conditicns for acceptance of electrons into
scceleration, capable of leading tc¢ increase in seized and finish=d
to erd/lead cycle of acceleraticn ¢f number of 2lectrons. This can be
an 1afrovement in the ofptic, vptics of injector, the use/application
of a diffarent kind of the contractors, which lead to compressicn of
the instantaneous ortits cf electrcos at the moment of injection, or
trhe replacement of the existing oscillatory mechanism of capture naw,
cscillation-fre2. A4 change in conditions for accaeptance is ccnnect:d
with conducting of labcer-ccrsuming and thin experiments with the
alzctror beam irto initial pericd of the cycle of acceleration with a
sinultaneous change in the paraceters of injection and injector. Th=
creation of the new mechanism of cagture, for example
cscillation-frea, meets with the great difficulties cf theoretical
ard, mainly, experimental character. Oscillation-free capture of

2la2ctrons, based on the spiral accumulation, is realized and
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convenient upon the internal injection and with the relatively low
vcltags., The usa of this rechanism upon tha external injecticn and
with the voltage into several hundred kilovolts is virtually

impossible.
Paye 7.

S Essential shortening cf duration of pulse of radiation when

it is necessary to obtain rmaximum fulse current of accelerated

w

lzctrons to target. In the betatron with the ample clearance
shertenirg the duration cf emissicn impulse repreésents serious

techuical task because of the need to displace the large rirng curternt

"

of relativistic electrons fcr the fractions/porticns of micrcesecond
up td> the distance of 200-250 mo in the radial direction. For the
solution of this problem is necessary the special inertia-free
{lcw~induction) system, capable of generating “he pulse magretic

fields cf short durationm in *he interpolar space of ftetatron.

b Increass in current frequency, feeding the accelerator, for
obtaining high average/mean rate c¢f dose of breamasstrahlung of
vetatron. However, an increase in the fregquency is accompanied by a
sharp incr2ase cf ths lcsses in steel of smagnetic circuit ard
ceJuires gain in weight apd daimensicns of installaticn as a whola.

Therefore,in each specific case a question of the selection of ta2
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operatiny frequency of the feeding betatron current is solved, on “he
pasis of the permissible dimensions, weight and installation charg=,
or cre hand, and frem the raquired radiation dose rate - on the cther

hand.

In NII [ HHUHU - Scientific Fesearch Institute] nuclear physics
of Tocmsk polytachnic institute were carried out the theoretical
studies, dedicated to the thecry ¢f capture of electrons in the
acceleration and to obtaining the large circulating current cf
zslectrons in the betatren, and alsc experimental design and physical
2ngyineering adevelopments for cktaining the high currents of
par*iclss, accelarated ir the betatron, and therefore the high rat-=s
cf the doses of the bremsstrahlung c¢f inducticn accelerators. Bothk in
the USSR and abroad these works served as base for the creation of
the first high-discharge batatrons of industrial designation/purpose
iL the renge cf energies 15-25 reV in which the accelerated curren+
1nuo hundr2ds of times excereds the currents, cbtained in the usual

betatronse.
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Paje 8.
Chapter 1.

THEOREIICAL FUNDAMENTALS OF OETALNING HIGH CURRENTS IN THE BETATRON.

Megnetic field and electrcmagnet.

An increase in the current of the particles, accelerated in the
betatrorn, is connected, first of all, with an increase in the space
of the working zecns of betatrcen, i.e., with an increase in space cf
the Vv area of action of the focusing forces S. With the assigned
magnitude of the focusing forces cf magnetic fisld the steady-stat:
jensity of electrcnic charge py is a constant value, and in this cas~
the rumber of particles which can ke held dcwn/retained by the field
of betatron, it is proportional to spaca of the V area of action of
the rocusing forces. For this case Po“'OT: =072=Const. vhere ¢ -
ctargye of the accelerated in the Lstatron beam; V=2#rosS - sgpace cof

the arema of action of the focusing forces with a section S region and

a radius of the equilibtium orkit rg.

I1f charge Q,=10"Q,, then gv'—= 34= %O.' for increase of charye )
1 ° 2

10™ times it is necessary, otner conditions being equal, so many

tizes to increase the space of the magnetic field of betatrorn. An

e Ay, XA oo A > T |
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iLCcrease ir the volume cf sagnetic field of betatron is conrectad
with an increase either in the gecmetric disensicns cf i1nterpolar
spaci oL radius of equilitriums crtit. Both that and cthers lead tc a
shirp increase 9f disensicns and weight of accelerator and an
increase in the consumed electrical ¢nergy. Therefore an increass .n
the 1nterpolar space of betatror shculd be limited by reasonable
lizsits., A decvease irn the sizes/dinsensions of the irterpolar space cf
vetatron with the prescrited/assigned electroric charge can Le
c¢btaina2d, increasinyg the density of charge py at the soment cf its
ictrceucticn/input into the zcre cf action of tae focusing fcrces. To
ta’isc pg with prescribed/assigréd ¢ is possible only by a increase :n

*he fccusing forces of the ccntrolling magaetic field,
Pa"e Yo

oUt siace the forces, which operate on the beam from the side of
mayrnet.c field, are progcrtioral tc intensity/strength H the fi«lilis,
then for increase in Q should be introduced electrons into the
chaater/camera with large H, >.e., with the largyer energy of the

in jectsua 2slectrons.,

Takirng into account this, was acknovledged by advisable ircreas:
tih2 araa of action of the focusing forces of betatron, i.e., the

"capacity /capacitance" cf the magnetic field ot accelerator
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aporoximately ten times (cr scmewhat more), which corresponds to =<ha
vossicuility of the propcrticnal increase of the accelerated currer+
cf particles in ths zonstant, /invariable energy of the in jected
particles. An increase of the acceleéerated current of particles 10-15
aczs tipss subseyuently was ottained as a césult of increasing th2
vol=ay2 of the injection cf electrcns of up to several hundred
cilovelts., Theoretical questicns cf obtaining the guiding field of
nilrn-cuzrent betatrons wera develcped by B. N. Rodiamov and P. A,
~hsrzantsev,

Pcrertial functicn v, - the fundamental characteristic of tha

q
FR

ccnttecllinag magretic field of tetatron.

The ragicrn cf the fccusing fcrces of the aagnetic field cf
petetror Jetermines the guantity ct electrons which can be seized
1nTo tane accaleration under prescrited conditions of injection. The
focusing properties of field are usvally rated/estisated by *hs valua
of tne index of the drop ¢f field n at the different points of tha
wcZk:ng gap cf betatron [1). However, distripution n dces nct jiv~
«he cemonstrative picture of the dastribution of the focusing fisld
rccces. The most completely fccusing forces and the quality cf <the
suiciry field of betatror characterizes !. - the potential furction
cf <ie focusing fcrces cf the magnetic field cf betatron, Poterntial

funcrion YV, in a specitic marrer ig connected also with value n,

I S
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Ttis cornrccticn/comaunicaticn can te shewn as follovs,

For the nonrelativistic cass tangential component/teram cf tiase
rate cf the electron, which mcves in the field of betatron, is

expressed in the form

oy 2y
f%'_] e h
Page 10.

fecusing force in the directicn cf 2-axis

i ™ H,, 2)

H = - 1 i.dv.
Syl A @

fhe focusing force in directicn ¢

whkernca

.. aV, [
m"=—¢-—o:'—3—TOOAH,, (‘)
vhence
AH, = —1— ¢ L1 PN ()
V2V. [ or

where OHymH,—H, - difference tetveen the magnetic intensity at
th: particular point and the strength cf field, whkich is necessary
for the electron sotion alcny thke circle with radius of r with a
speec >f Ug. This aifference creates the focusing force in directior

te Hgy is tcund from the relaticnships/ratios
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Then
™ oy
H, = AH = £ = =
2 '+ z ; l/ . V-‘i'cV' X
1 av,
X . —t 7
‘/ 2V. or ‘
Gage 11] Since
- 9H, 8
n o e 8
theorn
vV, NV, 1 [ 9V, w]
g=1— % T oﬂ"zn( or ! )
- 2V, oV
r or
. , . v,
In ar equilabrium orbit r=r,4 (neq) z=0; -;:-=0, then
17
or?
uojal-r’( ) : (10)
0 Ve /0
Prom condition J%?-=J%g- 1t 1s pcssible to oktain the

relationship/ratio

*v,
on
alr) =r,? ‘ (10a)
-

Thus, the axamination of the characteristics of the field of

betatron on base V, considers distribution n.
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Potential function makes it fossible to also calculate the
density of equilibrium Leanm in the beftatron., However, in the case of

accelera*ing the large rumber of particles during calculations it

'. '}
10}

necessary to consider the field of equilibrium 2lectron beam. The
account cf tke proper fis.d ot ream and the ccmputation of the
Jensity of eguilibriups :1&am in the betatron it is carried out in wock
[2). Reslativistic funct:~r V, is examined here in the form cf sum
Vo=V, -1, wnere ', - potential function of the free from the

charge €ield: V,” - tbn pctential function of the magnetic field of

beanm,
Paye 12.

Valusg V,’ is taken with an accuracy to standard deviations from the

£3uiliprium radius r,, i.¢.,

’ v, x
Y ’*"VO[' +:‘LT"“"10V)-’— +

eVy o
R

whar= Ve - vaiue of nonrelat:vistic potential function with r=r,,

Z=U; ng - value of the ccefficient cf the drof ot magnetic field to

r=c4, and V,-"T" ‘/ —Q'V—'c"': V,"” - is written/recorded in the form
Mmo

of serias/rcw with the undetermined coefficients

» ! F ,
Wi=ViK 5+ kL) (12)
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d

m

Atter the computation of coefficients of K and K* for V, is obtai:x

expression

V=V, I 2 |20 Vou dev
A oll.[ v (=21 - (£5) -4-])(
x meVou , 1 (eVy \2 1
. re? +[ eV o 4 (motz TR
_ MV, 22
2¢V02 ]foz. ~ (13)
Thus, V¥, taking into account the proper magnetic field of beam gives
the Zocusing force which is more than force without the proper £iali
fr enid f. once for r- and z ~ directions respectively, where
KeVe@ KeVp
=1 ; =142 _.
Fr=1+ Mo Vo (1 — 1) fo=t+ 1o € Vou iy
held

L2%t us rate/estimateé the density of the ream which can te

down/re*ained by the field of Letatron.

Since
_ 1 . ?
—-"Tﬂ-vzllp, and VP='LT'
dhacze
v, met E
1=£—L=-—-—=——-—'
mye? my A £,
vhaen
=—_-..'.‘.‘"_ 2 4
p e VT (14)

Pages 13,
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3ut for y we have an equation

car VL P=1 L (s
i (L8] + BT ] ¢ 2 s o

o
dz

Yn:“l

IT the can*ter cf bean =0, therefore ¢y = T % ¥here 7o -

e

valu¢c y at peint r=rg, z=0. Then the charge density in the center of

the 2guirlibrium bean

— mc? w2 l -
Po = 4ne ry? [x I3
or
- _m £y _1]£. . (16)
Po = 4"’0’ [k E, ' EO

At *tns ultrarslativistic rates E>>Eqy, then from equation (16) it is

obtaired

00 pea = B & £ )3

4“’0’ \—E:o_ (17)
For nonrelativistic rates E=E,+ E,, =Eo+ _‘";";' then

Vou
2"’0’

o

1
(l+-2—.-c’—'. (18)

p.-c_-

Let us coapars the calculated charge densities takirg into account
the proper magnetic field cf team with the densities, found without
its account. The charge densities for the las%t case are calculated
frca *he following fcrmulas, cbtained from the equaticn of tha fre»

from tna charge magnetic fizld:

- E \?
, o — 8 (?)“'
W (sh)e e T

£,

(19)
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recr ths relativistic case

me? E (20)

4inery Eo

Po'pu ==

for the nonrelativistic

‘o Vo. _L i
Po'wa Tme rg (1 CE ) (21

Let us determine differences p and g4o' fer both cases:

—_ , — Mec? E E ?
APOW“POPGJ—POW——'_“"”, ?o.[{?o) —-1]:
(22)
800 us = Pora = Po'ua = ~ 7::4:—,--:% (23)

From equations (22) and (23) it is evident that in the
felativistic case during the computation of the charge density it is
necessary *to consider the proper sagnetic field of beam. At the
nonrelativistic rates (when v/c<<1) the difference between p,,, ani
“'va is small, and the uss of feromulas, which do not consider cha:cg.,

is admissible.,

Thus, the proper magnetic field of beam fplays the significan*
role at aigh velocities cf electrcns. The charge density deperds »n
2nergy of c<lectrons as E3, This dependence can explain the tehavior

of the maximum of the intersity of radiation/emission at the
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lifferent values of energy of injection E For the

-
cerncrete/specific/actual betatrcn the space, cccupied by beam witkh
aifferen*t ones £,,., can Le consicdered constant. Then the intensity is
proportional tc pg, if we by Eux understand energy of electron during
ths injection. With low energies ¢f injection the intensity is
propcrtional Esw, with the large cnes - E%,... Hence
ensucs/escapes/flows out the need of increasing ths voltayge cf

injection in betatron, if is recuired a considerable increase of tha

number of accelerated in the installation particles.
Page 15.

3 2. Equation of the magnetic field of betatron and its

us2/application for calculating the field.

Le* us record equaticn (9) in the forn

AVe L VLY len OVe
or? 2V. ( or \ + r dr
-(1-rn—2:’7-- =0. (24)

durirg th=z kncewr distribution n and prescribed/assigned z acccrdiny

to egquation (24) it is pcssible tc find depandence V, on r.

A similar equation can k¢ okttained, also, fer dependence V, cr

z 4ith prescribed/assigned r. Differentiating relaticnships/ratios
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(3) azd (7) and ccnsidering that 0H, /or=0H, [0z, we obtain

BV 1 (OVaV _ [2 _ 1 0V ]= o5
oz2 2V, ( 02 ) "[ ” r or 0. (23)

Storing/adding up the left sices c¢f equations (24) and (25), we hava

SV L Ve o
art r or )
— s (Y +(5)] - - =0 )

Zquation (26) is the equaticn cf the magnetic field of betatren,

shich zncompasses all fundamental frcpertias cf field.

Potan+*ial furction for the electrons with any value by the
coastan< (, characterizakle ernergy cf the electron, which movas in

~be field of the action cf the focusing forces, is vwritten/record=id

Ve = =2 . 2n

in the form

2mc? r

This egua“icn can be expressed through potential function vy, for

"zaro alectrons” (C=0 V_oa;-zi.p_(ﬁ’iz_)’ in the foram

v.c-[V7;+-‘;'-]./-;‘°,—]'- 28)

Page 10.

Tharefore fcr calculating the field of sufficiznt to find the

sclution of the equation cf field with C=0. Function V,  can be
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expressed through vectcr pctan+ial A:

= omed (29)

Substituting in the equation cf field value A for V.. we obtain

equation for A:

A 1 04 a2 A A
— e — — —_ - ==0 30
an r r+ azt r (30)

Zguation (30) 1is solved ky separaticm of variables. Assuming/setting
A=U(r)w~(z), we obtain twc equations:

LYE) _ g2 w(z), (31)
dz?

@V 1 AU e LY y(r)=0. (32
R ey A r?) (r) (32)

Cocndition dd/3z=0 with z=0 gives
W (z) = ch (kz). (3)

Sclution of the second equaticr

U(r) =Ag[al\(Rr) +ON, (kr)), 34
#here J;(kr) and N, (kr) - the Bessel funcition and first-crder
Neumann. The obtained solutions are utilized for calculating the
fizld, Ao z2ccept as the bcundary conditions n=ng, on radius r=ry c£
equiliprium orbit and A=A, on this radius. We propose also that A, is
minimal con this radius. Then

aJy (krg) + ON, (kry) =1 ;

aly’ (kry) + BNy’ (kry) = 0; (35)
k= o

T
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2agys 17.

[
[¢']
n
ot

Lattzr/ c2xpression is cbtained from ~2quation (10a) 1.

FOOTNCTE 1, From equaticn (10a) we have %;%.=ZZ%E_ Replacing
z rq

Wwe otrtain

2A A eh i.a. pa e
8 P X

ENDFOCTNOQOTE,

Amplatud~es a and b car be Adaterpined frem the equaticns

aly (V1) + 6N, (} ) = 1;

. (36)
aly (Vrg) + BN, (V) =0.

Ve CT

Plotted function is constructed acccrding to ths formula, obtained

icr V.o f-om relationshirs/razics (34) and (395):

Vio = 2L ch (k) [/, (kr) + BN, (RN)F. (37)

It 1s considered that Ay fcor the specific case remains constant,

1e8., actually expressicn £cr V, takes the fora

V.a —_
eAg|2me3 -

= ch?(kz) [aJ, (kr) + BN, (kr)R. (38)

™ -

Since the pctential function hes a minimum in region ry beth in r

A,
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and in z-directions, these graphs are frequently called potential
weclls, First calculate pits with 2=0, then is constructed secticn
along the axis z with r=r,. By the essential characteristic of pit
the area of its section radial flane, i.e., area, included by
z=quiponantial, which passes at the level of the apex/vertex cf th2
perrier of pit. The secticn cf Letatron doughnut must wholly
ancompass this area. For the construction of any equipotentials is

taker the fixed value of the potential:

Vin = T':':; Ar=8,. (39)

Eéaqe lia'rhe corresponding value c¢f vector potential will be:

A=y =2, =V TEa=Acnka)lal (k) +

+ bN, (kr)], (40)

= A ) 41
ch(k2) = =i + o8, G “h

Then the a2gquation of equipctential line

A . (42)
A, [ad, (kr) + bN; ()]

z=-- Arch
R

As *re +thz2oretical profile c¢f pcle is taken the equipotential,
designed from the formula

sh (k‘) — do (kro) + ONn (k’n) . (43)
sh(kz) _ ady(kr) + bNo(hr)

is
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Line 1s carried out in such a way that the region of the focusing
fcrces wculd be completely 2nccnpassad by the interpolar space of
betatron, Fige 1 depicts cver tte lcng term the potential furnction
(potential well). The calculated values of this funrnction and the
thzcretical profile cf gcle are given in PFig. 2. Fer rg=23.7 cm and
n=0.5 value of values a, b and k they are squal to with raspec-

1.513, 0,455 and 0.0298.
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Fig. 1. Pctential well cf Letatron.
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File. 2. Calculated (a) and experimentally obtained (k)

characteristics of magnetic field cf betatron.

Key: (1). Profilesairfcil of pole. (2). Potential wells. (3).

Potential functions.

Page <.

Functions were calculated for z=0; <; 4; 6 and 8 cm. According to

such graphs ares constructed eguipctential lines, which are
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Jetermining the boundaries of the region of the focusing forcess (or
capturs region) and the bcundaries of the zone of the maximunm
:quilibrium charge of teas., Tie thecretical profile of pole is
iesigned for the poles cf an infinite radius. Therefore in the
necuactured poles it is necessary *o experimentally determire %h=
layout of peripheral part for the ccmpensation for the distortions ig
the distriputicn of magnetic rield along the radius, caused by

magnetic l=2akage fluxes.
3y 3. Calculation of charges ard currents of high-current beta*ron.

#ith known the parameters cf the magnetic field of betatron, in
par<icular at the known cress-sectional area cf region focusing
ferces in interpolar space of acceleratoar, it is possible tc
calculates the maximum cktarge of Lteas and the circulating currents =of

high-current betatron.

The maximum equilibrium charge of beam is calculated froa th=2

fornmula

- E{Ef s

where S - sectional area cf tne zcne of equilibrium beam. For S=200
8
cm2 ani U".:-mm;53/50=1.sa) charge will compose (=5.2010~¢ k, which

ccrraspords to a number ¢f electrens N=Q/e=3.33¢1023, This charge,
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led ¢ the end/lead of the cycle ¢f acceleration ard discarded to the
tarqget, for example, in 201077 s, creates the pulse current, 2qual =o

lllll = £=2508 a.
t

Circulating in orbit current in this case

2ereSemV_ _ _QV  _g36 4 (45)

2"0 2".

I, =




pDoC = 30171502 PAGE :} ,

Page /1.

tesults are obtained takimy 1nto account the proper magnetic field of

ourndle,

34 On the calculation cf the profilesairfoil of poles with

r.(r)y=cernst [3].

In the majority of the operating betatrons index the drcgs of
field n attempt to select by corstant within some liamits along a
radius oz pole. In the usual retatrcn at the lov value of the ra%io
69/Co of interpolar gap 6, to a radius of the equilibrium orbit ry in
<he calculation is not taken into consideration the curvature of the
lines of fcrce of magnetic field in the working zona of acceleratcr.
Ir. tke high-current betatrcn ratic 645/To~1: therefore the curvature
of the rorce line disregarded stould not be. The approximate
ccnputaticn of the profilesairfcil c¢f poles taking into account %n2
curvature of lines of fcrcs is grcduced as follows, We will censidrr
that the index of the drcg of magnetic field does not depend on r and

Z, i.F.'

i) =0 (46)
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thern
H, = —uﬁ,% . (47)
put
:'_’ = %: . (48)

trem Telationships/ratiocs 47) and (48) let us find the =2quaticn
oI the lire of force of tte magretic field

g _
7——ni. (49)

r
ab2nce the radius of curvature cf the line of force of the magnetic

Zield
p=-£—,{t +u°§)"’ g+u§)“-
NI
paje 22,

For virtually adopted values cf n and with z/r<1 the average/mean
radius of curvature of the lirne of force
px~ L,
n
Magnes*tic field in the interpolar srace can be axfpressed as
H r, -&
0 o ' (51)
in3re @, - maynatic-potential difference of the poles of

elsctrcmagnat, a - angular cadian measure, rerrasented by field lir:

bcirnaazy by poles. Value n is expressed by the foraula

_ aHy
“"",,’,—,'-—,;'-- (52)

ircm fJuations (51) and (S2) 1t is possible to determine value of a:
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.
L e (53)
e ..

with r(r, 0)=const

a=a(=) (54)
. N '0 .
The vertical cocrdinate cf pclar surface can te expressed as follows:
, X r . afr)
4 — -
B A v Tor T i (55)

where

Lxprassion (55) tdgether in {53) is called the equation of the
orofile/airfoil of poles. Acccrding to formulas (55) and (53). it is
possiple to calculate the prcfilesairfoil of the poles of
tigr-currsnt bstatren, alsc, -n the case changing frecm radius r, i

this chany> is sufficiently steady.
Page 23.

Ir ¢his case it is assumed tha* n virtually dces not depend cn z in
the werking zone of acceleratcr. The profiles/airfoil of pole for
n{r)=const is concave, whereas tcr n, vhich grows with r, it is
cervex, <concave profilesairfoi:l is more convanient in form, since
into th2 jap with such fpoles is placed well accelerative

chambe:z/cacera. With the convex prcfile/airfoil of cavities
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accelera«ive chamber/camera mcre ktadly is entersad in the aperture ctf
petatron, Both versions cf prcfilesairfoil prcve to be equivalznt
Zrca th2 peint of view ¢f the raximum accelerated rnumber of
zlectrons, sirce the space cf the regicn of the focusing forces with
n(r)=ccns%t virtually remains the same or somewhat greater, as for

case o dn/dr>0.
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Fij. 3. Twc versions of the prcfilesairfoil of the poles cf the
higjrh-current betatron: ‘s - a radius cf pole; r, - radius of
zquilipzium orbit; r - radius cf the fracture of the profilesairfoil

cf pcla; 69 - Jap on a radius.

Page 2u.

Fig. 3. show tvo versions cf the profilesairfecil of the pecles
which we utilized in the high-current betatron on 25 MeV. The upper
prcfile/airfoil corresgends increasing on radius n, lower -
n{c)=const. The diameter cf central inserts/bushings in the second
case was somewhat increased tor increasing maxiamum energies cf the

accelerated electronse.
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Taus, the aperture cf higyh-current betatron and respectively =:ue

crcse section of vacuum chamber they ars obtained
approximately/exemplarily by anr crder more than in an ordinary

petatron to the same energye.
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PaJge 295.
Chagrer 2.

4lon=YOLTAGE INJECTION CF ELECTEONS INTO A CHAMBER OF A HIGH-CURRENT

bETATRON,

55, Identification of the parameters of the pulse of the voltage cf

injection fcr the high-current Letatron.

Maximum equilibrium electrcn charge, held by the magnetic fielgd
Oor petatron, 1s calculated frcm fcrsula (44), from which it £cllows
that tha= vcltag2 cf injecticn dces not have optimum value fer
obtaining the maximum accelerated current. The real finite quantity
of current is determined ky limit cn space charge, which has
cerncret2/specific/actual value fcr prescribed/assigned E. With the
Jrowth of E this limit is crcwded large Q. Therefore the limit of

injection is caused only ty tech.  cal and economic considerations.

In the majority of the operating betatrons is applied the
procragyated construction/design cf an injector of Kerst's type with
the voltage of injection cn *he crder of 40-50 kV. When selecting of

the vcltage of injection for the high-current oetatron on 25-30 M2V
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1s expedient to raise energy of injection approximately/exemplarily
ter *imes, l.e., to accept £,,= U4CC keVe With this vcltage the
sizes/dimensions o0f the system cf injection as a whole do not leave
the reasonable limits and is prcvide¢d necessary dielectric strength
2i devices/equipment by usual v lectrical materials. This increase in
th2 en=2rgy-of injection gives an increase in the radiation yield more
than by an order, other ccnditicns being equal. Poé(a betatrcn
operating oL 15 MeV Lsm it was respectively selacted equal tc 200
xeV, An increase in the vcltage cf injection is desirable for
lecreazsing the probability of the shift of operating point frcm th:z
crescribed/assigned value (with p=0.6) to the nearest dangasrous

resonance,
2age 26.

Change dn ir the effective value cf the index of the drop of the
sagnetic field, created ty sgpace charge of bundle, is determined by
the relaticnship/r&tio

Qerwer 1-,3:\

= e (5 (56)

where 0 - charge of the accelerazted bundle; a - radius of bundle; E -
znargy of particles in the burdle fv/c. Prom expression (56) it is
cleer that with an increase ir the energy of particles upon injection

dn s proportionally decreased, therefore, is decreased the shift c¢f
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+he cpsra<«ing point of accslsrator from the prascribeéd/assignad

value.

An increase in the enerqgy ¢f the injected 2lectrons is
zccempanied by an increase in *the radiation yield of the betatron es
a cesult of the reducticn c¢f the lcsses ot particles on the atoms of
residual gas, due to the relative decrease of the effect of magnetic
pumvs, e%c. Thus, only increase E,. with the constant/invariatle to
the point of injection /ux l€acs tc the specific increase in the
irtersity cf radiation/emissicr. However, the fundamental effect cf
an inctease in the accelerated current with larger Ewx is ccnnectnd
with tne increase of density po of the equilibrium charge of bundlz
ir ke zerne cf the focusing fcrces cf betatron. This means that irto
acceleratecr chamber with large E can be introduced a respectively
larger namber of electrcns with the total charge Q. Consequently,
with an increase in the vcltage of injection it is necessary in the
rsyuired proportion to incresase ipjectad into tha chamber/camera
clectronic current ‘w. In works [4, 5] it is shown that current

lux with irncrease Eu grcws/rises nonlinearly:

Re
~ l 03 rs 57
’npu~—4‘(3|)‘ I_Rs Lo, (57)
(] R'
wkerz p, y - relativistic factcrs cf the injected bundle; Re - givar

cadius of the cross section of region the focusing rcrces; R, -
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initral radius cf bundle; r, - radius of equilibrium orbit; I, -

ccenstent, £qual to 17103 to =&.

As is evident, the current c¢f injection increases proportionally
{3y) 3. This value car be racorded in the fornm hﬁ—q)ﬁ vhence it
follcws <hat dependence/,,, onEwxis analogous the dependence of thea
intersity c¢f radiation/emissicn on £,,,, vwhich from the linear

deperncdance with small ones £, passes into the cubic with larje ones

Eﬂl‘ﬂ .

Such by shape, an optimum increase in the intensity of
radilation/emission by increase E, . is achizved onrly with the

appropriate increase in the current of injection.

The duration of the interval c¢f capture cf electrons ry at
acceleration is evaluated differently and as a rule, do not €xceed
0.5 us, which corresponds to S0-1CC turns of electrons on the orbit.
Phare ire indications that this interval can correspond in all to

several 4urns. with multiturn irnjection, wkich is ccomenly usad ir

(£

the betatreons, the duraticn ct the fpulse of the volta-e of inijection
lwa always considerably mcr¢ than the duraticn of interval r; varizs

for th2 different accelerators in the range from 1.5 to 10 us.
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The duration of injection fpulse in the limits from 1.5 tc 3 us
it is possible to consider coapletely of a sutficient and for the

case multiturn high-vcltage irjecticn in the high-current betatrons.

Should bs also examined a question about the pulse
sinchronization c¢f the voltaye of injection (relative to the level of
magresic field) with the large amplitude of current. The
ippuls=2s/momenta/pulses of negative voltage, supplied to the cathode
of zlectrom gun, are generatea ty the special diagram of injection.
Erergy of the electrons, intrcduced into accelerator chamber, it is
neccssary tc match with a value cf magnetic intensity in orbit and
its racius, The quantitative cconecticn/communicaticn betweern %hese
values in the nonrelativistic case is determined by the condition of
the injecticn
where ¢, - ooment/torque ci injection, calculated cff the
ncaert/torque of tramnsiting the magnetic flux through the zerc valu-,
ST Uwmm =— the voltage of injecticn, in; Hy - magnetic intensity in
orbit cf radius ry, cerst.; fi - angular fraquency of the feed of +h:

elactromagnet of betatrcn.

Page 23.
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From condition (58) it follows that voltage and the moment/tcrijuz of
injection must be matched with the design parameter of accelerator
(Eose Tos 1) e This agreement is acccmplished/realized by a change irn
ackert/torjue or voltage ¢f injecticn. Since for obtaining the
maxiruz intensity of radiaticr/emission we attempt tc work with the
largest possible voltage c¢f injectich, “hen the fundamental
controlled parameter must be the mcment/torque (phase) of injecticn.
Tke required precisionsaccuracy of the pulse sinchrcnization cf
injection relative to the level c¢f sagnetic field in orbit depends on
*he peramaters of the magnet ¢f tetatror and cn the parameters of thae
irfulse/momentun/pulse cf injecticn., The precision/accuracy of
syachronization in the time units can be expressed as follows. Let us
issume that the input time of electrons in ortit cf Letatron is known
ard it is equal approximately tc¢ 1 ps. Then with a precise constancy
of the amplitude of the ceiling vcltage and strangth of field in
orbit it is possible to allow time scattering of 0.1 us (100/0 of
entire input time). In actualaty the amplitude of ceiling voltage and
*te amplitude of field in orbit will, as a result of one or the cther
ccascns, test/experience divergences., It is of interest tco
rate/estinate the degree cf accuracy with which it is necessary to

suppcrt the constancy of these values.
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The condition of injecticr (S8) can be recorded in the fcrnm ,
U= KH21, (59)
whersz K - proportionality factor, which includes constant values ry
and Q; U - voltage of injecticn; 4, the amplitude cf magnetic
Lntensity at the moment of injecticn t, Differentiation gives
dU = 2KH * tdt + 2KH, t? dH,,. (60)

After dividing expression (60) cn (S9), we will obtain

(61)

or, passing to the finite difrerences,

AU

Page 29.

raking into account that the divergences of values can be into both

sides, axcression (62) shculd be recorded in the fornm

U 2A¢
+ A0 4 280 . 24K _ (63)

U t ~  H,

Aith tne voltage of injecticn on the order of 300-400 kV for the

petatrcn on 25 MeV (rgo=<4 c¢m) the time lag of the mcocmant/torque cf ‘
injection relative tc the moment/tcrque of zero-field (phase of 1‘
injecticn) ccmposes value on the crder of 100 us (it is more preciss

thar 67 us). Hence it follcws that with AH,/H,=0 and a0/U=0 and th:

assumption of time scattering of 0.1 us with the input time, equal %o
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1 us, At/t=0.10/0. With tha daivergence of all valuas resultan% srroc

aust not exceed this value (0.1c¢c/c). Then in the worse case

AU At AR,
v +2 7 +2—H—$0.001. (64

Durarg the use of the modern dclay circuit it is possible tc ensure
precision/accuracy At/t=0.1c/c. Frce inequality (64) it is eviden+
that this precision/accuracy can te observed cnly with AU/U=0 and
AHH,=0. 3ith the high energies in the axtreme relativistic case 1is
cerrect the expression
U = 300H,,

Zrom wnich anaiogously it is possible to obtain relationship/ratic

(assuring that H=H_sinw ard «=ccnst)
AU AHy At
L. T L1 R LIPS 65}
ot Ha + (
shers ¢ - low value.

From inequality (65) it tollows that in the relativistic cas: of
requirzment £cr the precisicn,saccuracy the constancies of values
jescend. For us greatest interest is of the intermediate velccity
pand of electrons, in which the asplitude of fia2ld and time lag ar:

conrected with the relaticnship/ratic
U=V 0,25 7 rHpf sinfet 10— — 0,51,  (66)

where U - voltage (amplittde) cf injection, MeV; H, - amplitude cf

nagrnetic field in orbit, G, r - radius of orbit, cm; w - angular
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rrFguency, rad/s.
Paye 30.

Tae connectioan/communicaticn btetween the errors in this case
wiil bz mecre complicatedly; hcwever, for the practical calculations
it is possible to use inequality (64), which gives a somewvhat

increased orn the precisicnsaccuracy result.

In nsual betatrons by 15-2¢ MeV, working at the frequency 50 iz,
the recuirements for the precision/accuracy of constancy of valu=as
somewrat descenrd, but it is irsigrificant. However, experiment sShows
that ir the majority of the cases easily is reached tahe satisfactory
40CK tven at the oscillation/vikration of line voltage within limits
of 2-30/0. This is explained Lty the fact that in the betatron can be
created the conditions fcr the autcmatic fulfillment
relztionships/ratios (63) as a result of three factcrs. The
commutating instrument cf the diagram of injection is started usually

by *he vnltage pulse frcam the reaked-vave device (picker)e.

The shape of the pulse of the voltage of this sensor with an
increase of the amplitude of alternating current in the field coils
0f magnet charges so that the impulse/momentum/pulse beccomes

narzower, and its amplitude irncreases., If ve assign the specific
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Lovel of furcticniag, then 1t is possible to cbtain the automatic
decrease cf the pulse delay cif the voltage of injection with the
increase of field. To this ccntributes also a corresponding increase
ir the amplitude orf the vcltayge of 1njection with the increase of
lina volvage, which leads, in “urrn, to the earlier functicning cf *“hsz
iiagran of injection with the Znsufficiently steep wave front of the
1griting impulse/momentum/pulse cn the grid of the ccmmutating
instruaent., However, the rcle of the second factor is small in
ccmparison with the first. The nonstabilized Ltias voltage attsmpts,
2n tne contrary, to iocrease delay in the case of the increas2 of
line voltace. During the spacitic ccabination of these three factors
-t marages via the series/rcw cf the tests/saaples tc obtain
iutoratic mutual compensation ard, therefore, the relatively stable
cperation ot betatron. But even during this selaecticn betatrcn works
irsufficiantly stably, tte insigprificant "drift" of the parameters
causes the fluctuations of the averages/mean radiation level ia thz
larje cange, which requires the continuous tuning of petatrcn ir =ha

process of worke

aith the large amplitude cf ceiling voltage the injections cf
regunirement for the precisior/accuracy of synchronization are rais<d

ana accordingly are raised requirements for the electronic
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synchronlzing units., The insufficiently goocd gprscisiorn/accuracy of
synchronizaticn can lead tc¢ the bich expenditures of time durinrg <hs
zdjustment of accelerataor for cptimum radiaticn/emission, especially
with ¢ne work of betatron ir the mode/conditicns of single
impulsas/momenta/vulses, On ¢he tasis of the aforesaid, requiremen+,
they are presented to the high-vcltage multiturn system of injectior

irn the high-curiernt betatron, we can briefly formulafe as fcllows.

1. Voltags with which eslectrcns are injected intc chamter/carera
of accelerator, must te agprcxipsately 400 and 200 kv for 25 and 15

MeV cf betatron respectively.

2. Current of injection must Le order 3-15 A in
impulse/momentum/pulse fcr duraticn of pulse 1.5-3 us. Takirg in<*c
accourt that ths large part of the injected against gur curreat
perishes on the chamber walls ard the parts of injector
device/equipment, the full current for which should te designed %he
system of injection, it gust te u40-100 a in the

impulsa/momentum/pulse.

3. To provide possitility cf shape contrcl of
inpulse/momentum/pulse in some lisits for investigatiorn ot effec* of
shape of pulse of voltage of injection on capture of electrorns in

betatron with high energies of intrcduction/irput.
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4, Injector devices/equipmert zust give electrcn beam with small

{crder of 1-27) angle of divergence for guaranteeing best ccnditions

rn

cr acceptance cf electrons in acceleration.

5. Electronic device, which ccntrols moment/torque of cyclirng
electrode voltage of gun, must frcvide necessary precisions/accuracy
of synchkronization and ccntinuously variable control of phase of
injectior. The satisfacticn of these requirements presents
sufficiently more technical difficulties, connected mainly with the
juarantee of dielectric strength of the secticns of the insulation cof
izjector Jevice/equipment, the eliminaticn of the electrical
treakdown of air and vacuuam gaps/intervals, limitation of the onset«
of coroma on tha high-vcltage current-carrying elempents/cells cf
jevica/aquipment, and alsc with the creation of the high-vecltage
jenszator of tha large fulse currents whose power r2aches severzl ten

nejavatts.

Page 132.

is sufficiently difficult alsc the davelopment of the ianjector, which

makes 1t possible to obtain electrcnic currents of the largye density,

necessary for guaranteeinc the required current of injectior with the
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voltags con the slectrcn gun, that is 200-400 kV.

§6e Oscillator circuit of the high-voltage impulses/mcmenta/rulses of

injection.

There are several pcssible versions of the oscillatecr circui+ of

the pulses ¢f the voltage cf the injection:

1. Schematic of discharging the forming line, preliminarily
cbkarged/lcaded from the scurce c¢f high voltage to design stress cf
the primary winding cf peak trarsfcrmer (30-60 kv in the case c¢f
kigh-current betatrons) through the comautating elements/cells of *hLe
type cf the contrclled discharger/gap with the high stability o?f the
functioning, which ensures the ccasutation of current in amplitude
1.5-2 kxV with the work in the mcde/conditions of single
impulsas/momenta/pulses and with £=50 Hz or special gas-discharcge

lanmp (for example, hydrcgen thyratrecn TGI-2500/35).

2. Diagram, made on modulator tube with full charge of
capacity/capacitance and with partial discharge of
capacity/capacitance. Diagram makes it possible to rCegulate the shape
of the pulse: the duraticn of frcnts, the drop of flat/plane part,

and also its duratione.
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3. Diagram of transfcrmaticn c¢f impulses/momenta/pulsss with ¢he
aid of system of lines with different wave impedance. Possibly also
tte usz/application ¢f cascade transformers or resonator
accalerators, whick, hcwever, tco ccmplicates the system of

injectiorn.

The schematic diagram of irjection, accepted as the stardard for
the high-current betatrons, is given in Fig. 4. Diagram works as
€ollcws. The capacitors/condensers of the forming line are charged
€rom the charge transfcrmer thrcugh the valvesgate, charging rasistor
and primary winding of peak transfcrmer during the action cf <=h=
pcsitive wave of voltage., The discharge of the forming line tc %n-
primary winding of the reak trarsfcrmer througn the ccammutating
instrument is done when cn the ancde of valveygate is the negative
pctential relative to the "earth/grcumd". The moment/torque <f

lischarge is controlled Lty special synchrcnizing circuit.
Page 33.

In secondary winding cf peak transfcraer appears the narrov rulse of
high voltage, supplied tc the electrcdes of the qun ¢f betatron. With
the appropric’ - phasing the grocesses in the charge amd discharye
circuits proceed at tLe differert scments of time, and th=ir duration

is sharply different; therefore processes can be exawmined szparat=ly.
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The dischargye circuit cf diagranm consists ¢f the accumula*cr/storage
of erergy (capacitor/condenser cr the forming line), peak transformer
and switching device/equipment (electronic, either gas-discharge *ube
or discharger/gap). The procedure cf calculation of the elzmernts nf
the retwork cf the injection cf tetatrons is developed by V. “. Razin
[6] for the usual betatrons TPI (U, =60 kV) and is applicable in

assence for the2 high-voltage injection in the high-current teta*rorns.

The special feature/peculiarity of the system of injecticn of
nigh-current betatron lies in the fact that tha voltage genera%ter
nust ensure the stable generaticn cf the very powerful/thick rulses
of voltage (40 MW in the impulse/mcmentum/pulse for the high-curcent
steraobetatrcn cb 25 Ma2V). This special feature/peculiarity is
reflected in constructive soluticns during the planning and
realization of both serarate assemblies and entire generatcr as a

whkole.
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Fig. U. Schematic diagram of in-cection for the high-currert

betatrons,.

Key: (1)« To tha slectrcn gun. (2)« kVe.

Page 34.

37. Introduction system c¢f electrcpns into the chamber/camsra cf

higzh-currant betatron (injectcr-inflector device/equipment).

Kerst's usual injector allcws/assumes the use/applicatiorn of
voltagaes of injection nct more than 100 kV, With more high vcltages
the use/application of this injectcer virtually is eliminatea Jue %o
the irsufficiency of dielectric strength of device/2yuipmant. In %the
high-current betatrons as the injector are applied several types of

three-21ectrode elactron guns at the voltage trom 200 to 400 kV.




T
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Sicce the geometric dimersicns c¢f gun are sufficiently great, and the
elements of construction/design ccntain the sufficiently large masses
of metal, injector is arranged/located beyond ths limits ct +h2
working zone cf the interpolar space of betatron. The carrying ocut of
injector €from the working zcne c¢f accelerator caused use/application
ir ail cases of special supplementary i{put equipment - inflector.
Inflector is fulfilled in the fcrm c¢f cylindrical capacitor/ccnienser
and is intended for wiring and rotation of the injected by gun bundle
tangentially to the instantaneous crbit of electrons at the mom<ent of
injection. A1l develcpad injectcr devices/squipment consist cf£ th~»
snd-tyoe three-slectrode gun, carried out freosx the werking magnatic
fielé of betatron and electrostatic inflector, which leads el=ctron

beam intc the capture regicne.

The fundamental elements/cells of slectren gurn and
irnterelectrode distances rrelirirarily can be calculated emplcying
the procedure, used fcr calculating the guns of pier, utilizing %he
known prescribed/assigned parameters: accelerating anode voltage U,
and beam current 1. The design gparagseters of qun are determined from
th2 following consideraticans. We will consider that the axially
syasmetrical electron beam has a section, apprcximately egqual %o <h?
emitting surface of cathode S, The distance between the anode and thsz
cathcda let us desigrnate d., The ccnhection/cosmunicaticn Ltatwean ths

current density j, voltage U', ard distance d takes the form of «nown
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“three halves power lad":
L.'\rz

whkere A=%180V272-2.33-10"; n=e/m — Charge to mass ratio cf flectron.
Ccnsidering system cathode - ancde as the parallel-plate carpaciccr,
infinitely extznded along the axes x and y, we obtain potential

dis+tribu%tion along Z-axis in the fcrnm

@ (_‘.)‘”, (68)
U. 8 d

4hers z - distance from the cathode to the point in question; U(z) -
petertial at this peint (cn anode 2z=d)., It differaentiatad exrpr==sion

(68), let us €find electric intersity i1n the plane of the arnode

E,=——. 4. (69)

Far %he compensatiocn for the Coculcmb axpansior of bundle,
2mitted by the cathode of finite dimensions, is intrcduced the
fccusing alectrcde in the form cf ccne with vertax half-angle

0= 2 xwg,75
by characteristic fcr all systess of the obeying the law three
second, . .The form of the ancde is determined equipotentially electric
field Uy,=U, virtually the form cf the focusing electrods and arode
car bte simplified., In particular, fcr the injector of the betatron,
into which the introducticn/input ¢£f electrons into the
chamber/camera is accomplished/realized with the aid of the inflector

(ieee “he layout of bundle to a considerable deyree is detarmined by




DOC = 89171502 PAGE 65

the parameters of inflectcr, but pnct by the fcrm of the electrcdes of
irjector), it is possible to allov the use/application of ttre

focusing electrode ard ancde in the form of flat/plane diaphragnm.

Page 3b.

The important characteristic c¢f electron beam is perveance ¢,

determined by the relaticre

l
= —— 70
p s (70)
>r microperveance Pe: determined Lty equality p=p, -10-% Since

currert density j=//S,, frcm relaticnship/ratic (67) we will cktain

10—
’_=M, (T

whence

@ 2. (72)

and

Vaiues {/, and 1 are assigned. Therefore for determining of d it is
necessary to know the area of cathcde S,. In our injectors cathodes it
was made in the form of sgpirals frcm the activated tungsten wir=z, a
nunber of spirals a,. The necessary area of cathode can be tenta<tivaly

determined, if is kncwn the required current of injectaion /., and “he
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spacific emission of electrons frco the surface of cathode. Values§,

is detwrmined from the fcrmula

S; = Scnn'l = Scn Lo - ; Tums ye= cM. (73)
n —uB Y E- o0

ATre

here E - intensity/strength of the accelerating alectric £ficld in
cathcde, V/cm; I - current, emitted by cathode; S«w- emitting arez of
one cf n, the spiral cathodes; T - absolute teaperature of cathode;

bg A - tabular constants frca werk [7].

For the coanclusion/cutput c¢f electrons froam tke gun in its ancde
1s made the opening/aperture. The anodic openming/aperture of jun
op2raztes on the bundle as the streng diverging lens, as a resul* cf
the "sagging" of equipotential surfaces cf electric field insida %he
op2ninj/aperture. Appearing transverse component ot electric fiall

deflects electrons Zrcm the axis/axle,

Page 37,

For determining ¢he angle of departure the outer beam elsctrcns
from the anodic opening/agperture vwe will use formula for ¢hs focal
length of thin electronic lens

Fztb (74)
E, - £

wkere E, - strength of field tc the left of the plane of lers, and E,
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- tc the right (2~axis is directed from left to right). Apprcximat=2ly
1t is possible to consider that E,=0, and £,=F, After substitu=ing
expression (69) in (74), vwe will ckttain FP=-3d. Minus sign irdicates
the scattering action of the lers whose focus is arranged/lccat=d to
the left of the plane of the ancde, Then the angle of departur~ of
electrons v, from the ancdic openingsaperture is determined Ly the

equality

tg7, = - (75)

L
| Fl 3

vhere r, - radius of bundla.

Using expression (7%), it is possible to determine a radius of
punéle 7, aftet cutput frcm the gun at the prescribed/assigned
iistance of 1 from the ancdic diaghragme If the inflector
device/equipment is estatlishedsinstalled at a distance 1, then th=2
iistarce between iha inflector plates at the input of beam in*c %ha
inflector (when into the slot cf the inflectcr device/eyuipment nmust
erter 2antire bundle frce the gun) it is determined by the value c&

orjer 2r,.

The parameters cf the inflectcr device/equipment are determined
from the condition for electreon mction along the circular path in the
electric field of cylindrical capacitor in the presence of the
perpendicularly superimposed weak magnetic field cf betatron.

Electrons with a mass cf r, and sgeed vy, entering into electric
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field by intensity/strength E of the cylindrical capacitor, lccated
in the edge/boundary magnetic field cf betatrcn by intensity/strergyth
H, can move over the circular path of radius 7. =a during the
selection of tha correspcnding intensities/strength cf
electromagnetic fi2ld. Frcm the ccndition of ejuilibrium cf £crces

which operate on the particles in the field of capacitor, we have

M:'_Uu_'_.*._w"ﬂ

] ¢
1 B
aln

' (76)

where U,a - voltage drop across capacitor plates, and R, and R, -

radii of curvature cf caracitor rplates.

Under the sffact cnly of one cf the fields the radius cf

curvature fcr the =2lectric field is determined by tne expression

ain Ry
m.o 3 R.
Go= =0 T-’ , ()
put for the magnetic field
- Mot
% eH (78)
From tuese relationshics/ratics it fcllows
1 1
LI R (19)
e .4 o

Being given the value of a radius cf particle trajectory in %a:z field
of capacitor ard *takirg into acccunt the acticn of magnetic field H,

it is possible %0 calculate the necessary potential differance U,a
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betveen *he plates of capacitcr, Concrete/specifics/actual valuz U
deperds on the distance Letween the plates of inflecter and the angle
¢, to which it is necessary to turn the injected bundle for its
introduction/input into the chamber/camera tangentially tc the crbit

of inj2ction.

Is obvious, injectcr device/equipment to the voltage 200-400 kvV
- not only electron-cptical system, but also the high-voltage
device/2quipment. Therefore during the comstruction cf injecter wa
were directed for the ccrventicnal high-vcltage
constructiors/designs, taking into account the special requiremeants,
presented by technical assignmert tc the separate copies cf injectors
(limitedness of overall dimensicns, the absence of electrical
breakdowns on the vacuum gaps/intervals and on by the surfaces of
dielectric~insulators, the abserce c¢f the corcna of lead wires and

cables, etc.).

In jector is connected up to the accelerative chamber/camsra with
tte aid of the bellcws tranmsiticn/junction. Inflector is hinged
attachted to the anode cf electrcn gun.

Page 139.

The special bellows devices/equipment, mounted in the back ernd/facz of
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electron gun, Rmakes it pcssible tc change the submersion depth of
catncde on the focusing electrode and the distance between tle

focusing electrode and the ancde without the deterioration ir vacuunm

-
]

+te chamber/canmera. 1hus, ccnstruction/design of injector
devize/sguipment gives the pcssibility to produce the necessary
adjustments of the positicn ¢f injector and interelectrode
gaps/intsrvals directly cn the working betatrcn during the ad-ustament

of installation to the cptimum cutput of brehamsstralung emission.

Is aralogously designed bigh-~vcltage injectcr on 350-400 kV for
the pulse betatron on 25 MeV. A difference only in the fact that th:
rzflector is not connected directly with the anode of gun and the
insulators ot injectcr have large sizes/dimensions. Usually catlkcdr
is manufactured irn the fcrm of the tungsten spiral, covered will
oxidiza thorium. For obtaining the necessary current of injecticn
vith high voltages of the introduction/input c¢f electrons wern»
established/installed several spirals, connected in parallel, A
juantity of spirals varied frcm five to twelve. Injector
device/aquipment provided obtaining the current of injection into
several amperes (to the cutput from the inflector). Is workirng
voltage on the inflector 60 kV. Divergence of beam at the output fronm

the inflector does not exceed 2-49,

The appearance of the injectcrs of high-current betatrons and
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sterecbetatrons is shcwn in Fig. S.

Thas impulss/momertums/pulse of inflector voltage has flat/olan=2
apex/vartex, and its duration exceeds the duration of injecticn
pulse. lnder these conditions tke adjustment cf betatron =c <%h=
optimum intensity of radiation/emission proves to be mcst sirrlc and
light. Experience ¢f operating bkigh-current betatrons showed *hat %Lz
voltaga pulse on the inflector must somswhat advapce the voltave
pulse on the injector. In this case is provided stable work cf the
accelerator. In the usual betatrons the voltage of injection
oscillates frem 20-30 to 70 kV and up to the moment/torque cf putting
intc operaticn of the first high-current betatron {in 19603) i+ does
net r=2ach 100 kV, Therefore was carried out the experimantal zhnck of

th2 dependence of radiaticn yield ¢n the voltage of injectiorn [181.
Page u40.

The vcltage of injection vas measured with the aid of the
lcw-distortion divider irtc 5000 chems, which consists of the Nickrome
wire with a diameter of 0.1 mm, packed bifilar in the special
slots/grooves ¢n the subdivided rod of the fikterglass. Wi*h sach
change the voltages of injecticp installation ad justed slight¢ly on
the optimum cperating mode by the adjustment c¢f injection, rlase and

amplitude of voltage orn the inflectcr and filament current ct <he

ca=hcds of injector.
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Fije. 5. The genaral view cof injectcrs to 400 {a) and 200 (b) «rv.

Page 41,

The voltage of injection varied with staps/stages on 20-30 Vv from 50
tc 250 kV. The measurement of the radiation dcse rate was mad~ wi=zk

the aid of ionization chaskter ty the working volume cf 20 ca? wish
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the Ploxiglas wall cf equilibrium thickness and standard dosiazeter of
the type "Cactus". Fige. 6 depicts the dependence of the in%ternsity of
ragiation/emission /; in relative unity on the voltage of injectior,
ccnstructed accerding tc formula (44). On *he graph Ly small squares
ars rlotted/applied *he experimental points, cbtained in work [ 9]
with the voltage of injection tc 50 kV. Circles designated th:

points, obtained by us cn the high-current betatron.
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Page U2,

The obtained results indicate that to the voltage of injectioLn
ir 50 kv the intensity cf radiaticns/emission increases in acccrdance
with theorvy [4, 5], and with voltage, actually utilized irn cur
betatrons, the intensity ¢f radiation/emission increases with jrcwth

Uue o longer linear, tut to the degree, close to two (it is o

2

C
r

precise, is proportional Ukl ) Thus, increase Uwa tor an incrzase in

HH K

the intansity of the radiation/emission of betatron ccmpletely
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justified itself in practice. The tests of the system of injectior on
the operating high-current betatrcns showed that developed surqgsz
generators and injactor high-voltage devices/equipment prcvid2 tha
requirad parameters of the injected electron team bcth on the =nergy
and or the current, Is ccnsidered Ly advisable further increase irn
the voltage of injecticn in the betatron up tc 1000 kV and i* is
abcve, where this dependence passes into ths cubic. However, ty this
method appear tie considerable technical difficulties, connectsd wi+h
the guarantee of the necessary electrical strength of the sys=en cf

injection and with obtaining of the high currents of injecticr.

I+t is rec2ssary to ncte also that further increase in th~»
voltage of injection in the Ltetatrcn makes sense only during %he
glimiznation of the lateral instakility of bundla, which occurs in the

hijh-current betatron (see Chapter U4).
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Page 43,
Chapter 3.

SYSTEM OP SHIFT OF ACCELERATEDC ELECTRONS FROM EQUILIBRIUM ORBIT TO

TARGET.

In the majority of thea cperating betatrons the shift of <iec
accelerated electrons frcs the equilibrium orbit to the target is
acccmplished/realized by the special electronic circuit, whick
crsates one or the other change in the distritution of magnz+ic
fields in the intetpolar space of betatron. This change, which leads
to the disturbance/breakdcwn cf betatron relation 2:1, is usually
acrievad by th2 generaticn of current pulse in the displacirg¢ winrding
at tne discharge through it ¢f jreliminarily charged/loaded capacitor
pank. Bias coil is arranged/lccated in thke interpolar space of
accelerator and depending on the method of the shift ot electrons is
fulfilled in the different gecmetric versions. Widest use reczivei
tiose methecds of the shifts which lead to the expansion of
egquilibrium orbit and the "discharge/brsak" of the accelarated

slectrons on external target, arrargeds/located on radius ru >’ The
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discharge/break of electrcns to external target prcves to be mest
desirable for conducting c¢f practical investigaticns on the Lta2tatron.
Therefore in the high-current betatrons the shift of the accelsra+t=sd

electron beam was prcduced predcminantly to external target.

Ths expansion of the orbit of the accelerated electrcns can b2
obtain2d by two methods: bty an additional incresase of the magnatic
flux in the circle of radius r, i.e., by an increase in the rate of
growthk of the accelerating magnetic field of Letatron, and by
weakering magnetic field in an €equilibrium orktit. In the first case
the electrons acquire sugrplementary energy due tc circuital field of
a supplemertary increment in the magnetic flux within the ortit and
is begun motion along the develcpatle spiral to r,. wher=a is
arrangad/located target. In the seccnd case the energy ¢f nlectrorns
remains in effect constant and an increase in the radius cf cropit it

occurs due to field weakenirg ir crerating ragion of accelera“or.
Paye u4u,

An incremert in magnetic flux’A®.required for an increase ir
the radius of orbit by value A’=/e +/u. is determined according to %he

expression _
P A, = 2-H,r 0 =1

(F-"— 3=, (80)

where o - magnetic intemsity cn radius ryo; n - index of the irop of
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pagnetic field. Or

AP, Ar
Tt(l —"l)—r— ,
where ¢ °

O, = 2xr 2 H,. (81)
burang the lccation cf +*urns it is direct on the central
inserts/bushings for determining the increment in the induction ABy
in orbit at the moment of the shift, required for change r, to value

Ar, it is possible tc use the analcgqgous expression
ABy

- Ar
B —(1-'1)7.- (82)

If the turns of the displacing winding encoapass only the shared part

of the poles, the necessary charge AH, in the strength of fiell is

determined according tc the exgression

AH(,:H,,[—:—:’-—(:—"’Y] (83)
cr
AH, r
—l-1°—=—(1—n)::°-. (84)

Minus sign indicates weakening of the strength of field with an

increase in the radius cf crtite.

In the usual betatrcns the system of shift, calculated from th=2
given pr2requisites/premises, provides the shift of electrons from
the equilibrium orbit and the "céischarge/break" of them tc tha target

for time lep=(l0+ 20).10-¢ S.

Page 45.
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1t hign-current betatrons, the task considerakly beccmes ccmplicatnd
due to the large sizes/dimensicns c¢f air gap and, therefore, because

1t is necassary to ottain the required increment in the magretic
irtersity in thz large space. Task even more beccmes complicatsd, i

it is necessary to obtain emission impulse by duraticn r1,, =(0.1+02) XI10-¢
s, i.2., by an crder is less than v, , usually provided Lty the systen
of shift, and, on the ccntrary, wher it is necessary to obtain

emission impulse with the duration, which considerably exceeds T<p-
38. Cbraining short emission impulse in the high-current beta“rcr.

The high-current betatrono, irtended for the
nigh-spaeed/high-velccity X-ray exposure of the high-speed processes,
must generate amissicn impulse Lty the duration not mcre thar 0.2¢107¢
Se To ob*tain this duraticn of emission impulse by the usual nmethcds

of shif« is impossible.
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Fig. 7. Schematic diagram of shift and discharge/break of the

accelerated electrons tc¢ tha target,

Key: (!). Prcm the diagram of ccmtrecl, (2). Extsasicn

con%tcir/outline.

Page Uuobe.

Therafore we procposed the comtined mathod of shift, which
accomplishes/realizes a discharge/treak of the accelerated electrons
to the target into two stages. First with the aid of the torcidal
winding, or the winding, arranged/lccated on the central
irsert/bushing, is produced the syrmetrical expansion of eguilibrium

orbit from ro to certain r,, clcse to a radius target loca+ticn 7.
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After this is switched on the secend winding of discharge/breeax,
which Jenerates the sharp azisuthal disturbance of magnetic field ir
orbit of radius r,, which causes the discharge/break of elec*rons *c

ths target during several ten turns of electrcn beam in orbpit.

The schematic diagram of the preliminary expansicr cf crtit is
represented in Fig. 7. Preliminary expansion is produced to a radius
r,=32.5 ca, ¥with n=0.9 (it is determined by magnetic measurem=2n<«s).
Iritial data for calculating the diagram of hijh~-current Dpetatron 25
JeV fcllowing:

radius cf the equilitrium crtit rg «ee 24 cm

radius of alignment cf tarcet 7« ... 34 cn

gap on a radius 65 e 21 cuo

magnetic intensity at the scment of expanding the crbit iy «s.

3815 oerst.
a radius of central inserts/tushings "« ... 13 cm

induction in the center at the moment of expansion 8y ... 140103
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the index of drop n in ap equilibrium orkit (r=ry) ee. 0.5
a radius of pole ra ..o 42 C»
oparating cycle impulse circuits T ... 4 s.

For *“he preliminary expansion it is possible to utilize a sz2ctor

winding vith the scope/ccverage c¢f azimuthal round angle.

An increment in the magnetic field AH is determined trce “fha

formula A
AH=H.{3—.2\]. (85)

r r

r'he space, in which is created a supplementary increment in the
field, it is deteramined approximately from the relationship/ratic
Vi==(r?—r2e. ~(86)

Page 47,

Juadergy A,, reserved in the magnetic field of this space #with thsz

ictersity/strength aH, is equal tc¢

T 10~° 87
. —— 2 ~—(AMV.
A, O'S‘J(AH) av=_qHpv. @

The product cf the amplitudes of voltage and current in the discharje
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circuit is found from the expressicn

L Unaee = wA, = 2:f0 A, (88)
where t, - natural vibration trequency in the discharge circui<«, is
is selected in limits (5-10) ¢103 of Hz, depending on t,. Being jiven
amplitude Uuywe . it is possible to determine /uw aLd a number of

turns of the winding cf expansicn c.

The inductance of rias ccil

L=1,210-25 | (89)

To

vhere §aon(r,?—r2) - area of the ring, included by the turns cf

wirdirg.

capacity/capacitance in the discharge circuit is fecund frcu

equation fcr the energy

A= il-ji;ﬂ- . (90)
whence
C = A (91

L?

MARY

dith known /... and C cf contcurycutline it is possible tc

calculate characteristic impedance . =]/ .. the strength of effccti

current /=/,. 1 -27 and energy factcr of contcur/cutline Q=0R,. ani

R. =¢!/Sep. - the resistor/resistance of the wire of the displaciny

windirng., The results cf calculaticn are given in Table 1.

Page u8,

3
-
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Voltage in the contcur/outline is equal to 5 kV. As *he
commutating instrument is selected the igniticn rectifier of the type
I-100/5000, The calculaticn of the systom of tha final ccllection of
ei=ctrons tc ths target is produced on the basis cf fcllowing izi*ial

data:
initial radius r; ... 32.5 co
regJuired increase in the radius Ar ... 1.5 cm

intensity/strength of field HzHr,/ry, at the moment of

iischarge/break in orbit with a radius of r,;=32.5 cm ... 2700 oesrs*.

the index of the drcp of field n in orbit with a radius of

L3=32.5 ch ee. 0.9.

Remaining initial data the same as for calculating the diagram of

preliminary expansion.

The £inal discharga/treak cf electrons is accomplished/realized
by azimuthal disturbance cf field in the working zone by wirding with

angle of #,=120°, The anplitude cf the intensity/strength of th:
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field, created by the winding of the final discharge/break cf¢
electrons, must provide rct ocrly an increase in the radius cf orbic
tc s, put also given speed of the mction cf orbit, necessary for

obtairing emission impulse by the duration noct amcre than 0.2e¢107% s,

Let the intensity/strength AH cf the exciting magnetic fi1ald
change according to the sinusocidal law:
AH = AH,sin ot, (92)
where AH, - amplitude value of the strength of the distorting fisli;

w - ratural vibration frequency in charging circuit.

4ith azimuthal disturtance of magnetic field an increase ¢f <tne
radius cf crbit Ar in the site cf installation or target is

determined by the expressien

sln(?Vl_"')

AH, sin wt 1 2
H =8 oz V 1—2)

. (93

Ar=r,
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Table 1, Calculatad parameters of bias coil.

=}
Pl v, | do] feeee wa. ® ‘ 5| o ' £
opcm cat I a BHTXOB! n os @

l I
125 I 1470 l 6 l 108-10*] 0,16 l 20,6 ‘ 10—

!
- 500 l 1,05-100

Keys: {1). cerste (2). Je [(3)es turrs. {4). He (5)e Okme (6). £.
Page 49.

After substituting in*c expressicn (93) of value r, H, n and ¢, we
vill ob+ain
Ar =4,65-10-% AH, sin wt. (94)

The speed of ths radial mcticon c¢f crbit is determined by %ha=
derivative of expressicn (94)

Y, = Lft’)— = 4,65-10"2 wiAH, cos of. (95)
with assiined Ar and v, eguations (94) and (95 have three unkncwnc:
29..© and t. Por the assignmert cf the third condition we utilize
relationshbipss/ratics (87) and (£€). After assuming that product
I,U, must have th2z mipimum value (for facilitating tke selection of

the commutating instrument), we will obtain

107 -

4n

Ul =

AH)V, (96,
4hers ¥V - space, includeda by the winding of discharge/break. When

¢1=120° V=1",/3 cad where V, - full/tctal/complete space Cf gar,

moreover V, =1.05-10% ca® 1hen
UJu= 0 2o (AH.f e~ 28107 BH P w (97)
£
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Assuming that at the moment cf approach with the taryet the
radial size/dimension cf electrcn team does nct exceed d=0.5 cm, we

deterrine the speed of the radial displacement of the orbit:

v, L
where r - duration cf the pulse cf peasurement (time of the

"incidence/drop" in the tundle on the target).

Lst us introduce the designaticns:

Q= —A:—_z— B b= ‘_li"___T )

4.6;-110 4,65-10 (98)
e = ——“—"—- ;. x=AH,

2,810~

Page 50,

Ther from relationships/ratios (94), (97) and {(98) we obtain:

X COS of == b
Xl = C.

Xsinof = a;
I (99)

We convert systea (99) tc the fcra:

. a
Sinwf = —
X

b
cosof = — .
Xw

dhence it is easy to obtain biquadratic equation relative tc x:

x4 — .i’_x2+ aa = 0. (100)
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The scintion of equaticn (100)

amfm eV (-

nas real rocts under the condition

cg s lac\‘l
LN > (=
‘2b3) (\ b } ’
whenca
¢ > 2ab
€
If we make ¢ = 2ab,

resitive decision of equaticn (100)

xmAH, - = B a3 (01
6V 2 b V2

Pagde Si.

Frem the f£irst and second equaticns of system (99) taking into
acccunt (101) we will ottain

1
sin wf = COS wf = --—-V,_ '
2

whencea
of == ard = — .
4

Thus, all necessary parameters cf systea (99) are determinzd

urambi juously.
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The fundamental design parameters of the diagram of firal
lisct:rge/break are determined just as for the preliminary exvarsior

of crbit, (they are given in<fhtle 2.

The given calculaticn of the diagrams of the expansion c¢Z oroit
and discharge/break cf alectrons tc¢ the target is aprroximate, since
it dces not consider the leakage fluxes of the windings of the
axpansions and dischargesbtreak, which (flows) have vital iaccrtance,
aspecially for the high-current betatrons, which possess 4the large
sizes/dimensicns of werking zcne. Therefore the firal values ¢£ the
parameters of circuits cf shift and discharge/break c¢f electrcns acse
corrected and are more zrecisely fcrmulated exparimentally cn “he

accelerator in operation.

In the examiration ¢f the process of the discharge/breax of
2lectrons tc the targe+t in the high-current betatron shculd te
ccnsidzred emf of the self-inducticn of the accelerated bundls, which
appears during the interruption of the ring currernt c¢f elzctrens in
the process of its ccllision with the target. This emf of
self-inductior cn radius r is deterwmined by rate cf charge iz *h:

intensity/strengtk cf field #,, caused by the ring current cf *4hL:

beam: %_-.:_.%(%'L). (102)
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Table 2, Calculated parametars cf the winding of discharge/treak.

PR

spcm cut
40:)l 2 [4.107% 0,85 ’ 1077 l 8-103‘ 0.188
|

($)
Rop.

ox

%

dx

i

nKCeR

Ty

45,5 0.35-105] 0,29
[

£e2y: (1). cerst.e (2). Je {3)e turns., (4). He (5). ohme (6)s £. (7).

vc (8) e HSe
Page 52.

Intensity/strength H, of the magnetic field of ring currert is

determined by the ra2laticnshig/ratic

Hy = 2t (103)
cr
Ther wa obtain for 2?
@l 0y ry_ 1 0
Z ¢ ot ' er 2 ¢ at 2
== o
- e at (104)

The snargy, acquired by e€lectren fcr one turn, will te

— o) 2=¥re ol
%“—eb” QKfEe-T.—.

” (105)

Speed w1ill be determined bty the ratio of the time of beam spill cf
electrons !wp to the time of cne turn (oo
N o= feoo . (106)
les
Thenr a full/tctal/complete increase in energy ¢f one electrcn for *the

time or the discharge/treak

y 2ztre ¢ 2
AE ceUN="2 fee 2

107
I Loo ot { )
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For the specific case let us accegt following data: the time cf
disctarge/break fep =2:10-7. s (lecause of the short time of
discharge/break the presence cf ircr, which is found within the
circular electron beam, it is pcssitle not to take into
considaraticn). Ring current I let us accept equal tc 50 A. EFadius cf
targyet location 7u =34 cr. Taen frcs formula (107) we ob*ain

‘g_%ua%umm 2.10~7 50
9-10» 4.9-107°  2.10~7

+3-10° =

— —3’5.]0—7 erg,

where {1,,=49.j0-% s, OT

R

=3,5-10-7.6,25-10" = 219 keV,

Page 53,

Tris supplementary ernergy acquire latter/last beam electrons due to
enf of self-induction, which apgears upon the decompcsition cf ring

current =50 and for the time (0.Z2¢107% s,

Consequently, emf of self-induction, causing the supplementary
acreleration of the circulating electrons in the process of their
discharge/break to the target, leads to an additional increase in %“he

radius of orbit and therekty it contributes to an increase ir ¢hs
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speed of the shift of electrons Lty the target, i.e., to shortening
the duraticn of emissicn ispulse. The effect of emf cof the
seif-inducticn of beam is greater, the greater the accelerated cing

current I and the less the time cf discharge/break fep -

99. Gperating diagrams of the shift of high-current betatrons.

The schematic diasram of the dlsnlacement of 2 heavy-current
tran of 25 MeV which ensures obtainring a radiation pulse with a
tion leSf,than 2*10°"s is shown in Fir.

i

ca
ra ir. 7. . .
The preliminary expansion cf orbit is accomplished/realized by

te
au
winding 0C, (it encompasses the shaped part of the pcles), through
whick 1s discharged preliminazily charged/loaded capacitor C,.
Charging Cy, to U= 5 kV is produced ty rectifier cn tha tube VG-163.
As ¢he commutating instrument is used the ignition rectifier of the
tyve I-100/5000. The igri*ing ixrulse/momentur/pulss is gencrated by
the capacitor discharge (,. of that charged frcm the rectifier or %hs
gas-f1llad tube rectifier VG-129. As the commutating instrumeri in
the circuit cf the igniticn of ignition rectifier serves thyratren

TG1-5/3.

The final discharges/break cf electrons tc the target is produced
with tne aid of the sectcr winding CC, with azimuthal angle c¥ 1209,
Capacitor C, is charged from the rectifier on the tuke V1-0.1/30. As
tha ccomutating instrument is used the controlled three-electrode)
the discharger/gap, which possesses the very small inductaznce (the

hundredths of microhenry). The electrodes of discharger/gap are
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preparsd from the tungsten, The cathode of discharger/gap is
assembled from the turgsten rcds with a diameter of 0.6 mm in the
form of cylinder with the generatrix of h=12 am. Control electrode is
placed within the cathcde and is isoclated/insulated from i+ Ly
porcelain tube. The ancde is prepared from the continuous tungsien
aolding/bar of rectangular crcss section and has sizes/dimenciorns
5x5x10 of mm. The constructicon/design of fastening the ancde and
centrol electrode allows/assumes recessary dar adjustment of
discharger/gap. Electrodes are fastened/strengthened in the trass
mountingys/cases and are encased frcm the organic glass, which uses
for the electrical insulation cf electrodes. The operatiornal
stability of discharger/gap is (C.1e¢1078 s, which completely satisfies
the requirsments, presented to the jettison systam of electzcrs for

the target.

The schematic of the triggering of discharger/gap is analcgcus
to the diagram, used in the circuit c¢f the triggering of the ignition

rectifier of the system c¢f prelimipary expansion.

For reducing to the minisus of the inductance of the discharge
circuit of the winding cf discharges/break in it must be a minimun
number of tusns - two; they are made from aluminum twig and are
placed withir vacuum chamber above and under median plane of

betatrcn. The parts of discharge circuit are rounted in the ferm of
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the separate block, adjusted in imrediate proximity cf the
accelerator. Storagye caracity/caracitance is comprised thsir three
parallel-connected non-inductive capacitors of the type IN100-0.1

with the total capacitance of 0.3 .F.

Because of the enumerated gseasures the inductance of the
discharge circuit o€ the diagrae of final discharge/break is entire
Se10~"8 H, The diagram c¢f greliminary expansion and the charge part cf
the diagram of final discharges/treak are mounted in the separatz
cabiret, both parts of the system of shift, shown in Fig., 7, have %two
parallel channels, since pulse Letatron was made in the form cf thea
two-chamber constructicn/design, which has twc¢ independently workirng

accelerative systems.

As a result cf understable wcrk of ignition rectifiers
I-100/1000 in the modesccnditicns cf narrow pulses the igniticn
rectifiers are replaced ty thyratrcns of the type TR-85/15. The
measuraments of the distribution cf the magnetic field of the

vindings of discharge/treak showed that the maximum of the

m

“TZength
of field falls to the region cf the equilibrium radius rg, i€ wiadirng
enccmpasses radial size/dimensicn 7,—r. . Therefore 3ia the £inal
version an inside radius of the winding of discharge/break "w is 1zor?2

than radius r,.




pan
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The made system of the shift of the orbit of electrons ensured
obtaining the amplitude cf current to 2000 A with the duraticn cf 350
us with the voltage cf 5000 V in the diagram preliminary exparsions
of ortit and curreant pulse in asplitude to 1400 A, with duraticn of
Bel0™6 s with the voltage of 80C0 V in the rsset circuit cf elactrons

oL the targst.

Wwith the aid of this system is obtained the
impulse/momentum/pulse cf bremsstrahlung with the maximum energy 25
MeV for the duration less Q0.2¢10°% s. The oscillogram of emission
irpulsa, taken with the aid of the photomultiplier with the diagraa
or the cathode follower, is represented in Fig. 8. During the uppar
scanning/sweep of oscillcgram is fixed the reference pulse by
duraticn 0.2¢1076¢ s, during the lower scanning/svweep -~ emissicn

impulse.

The schematic diagram of the shift of electrons from the
aquilibrium orbit in the high-current betatrons, which work at the
traquency of 50 Hz, is analogcus described abcve. Difference lies in
the fact ttat for decreasing the pcwer of rectifying device/equipmarnt
ir the discharge circuit cf the diacram of expansion is
astaclished /installed one additicnal recharging valve/gate, and in
the ressat circuit instead of the discharger/gap are applied kydrogzn

thyratron of the type TGl. The rerlacement of dischargers/gapgs by
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thyratrons is caused by the limited servicea life of the
dischargers/gaps, which maintairn/vithstand abcut 100000 imp, which
with the work with the frequency cf 50 Hz comfprises less *han one

hcur.
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Fij. 8. Oscillogram of amissicn iafpulse.

Page 5ob.

If obtaining short emission impulse is nct required, the
discrharge/break of electrcns tc the target is accomplished/realized
oy a aiagram of the exransion c¢f c¢rtit. In the discharge
devica/2quipmert and the discharge circuit for this it is nscessary
to have only certain reserve according to the power. In this case tha

dJuration of emission imfpulse is obtained in limits (uU-10)e107% s,
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Page 57.

Chapter d,

SOME CHARACTERISTICS OF BEAM AND RESULTS OF THE LABORATORY TESTS OF

dIGH-CURRENT BETATRON.

310. Measurement of the charge c¢f the beam, accelerated in tke

betatron.

The measurzsment of charge { of the beam, accelerated in the
betatron, is fairly ccmplicated task, since there dces no* exist the
direct method of measuring this value. By this is explaincgd *h»
existence of a large numker c¢f different methcds, with the aid of
which are made the measurements of the introduced, seized ard

circulating in the betatrcn current.

To measure the charge of the Leanm, introduced in the
acceleration, is possitle by many methods, for example, by *he method
of magnetic belt/zone, by the methcd of turns on the central cecrce,
etc. The same methods can be utilized, also, for measuring the charge
of beam at the end of the cycle cf acceleration. Hcwever, the

zeasur2ments of the charge of the discarded beam hinder by tthecse
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opzrating at the moment of the shift of the accelerated electrons
trom the equilibrium orktit by pcewerful/thick elactromagnet:ic €ields,
caused by the work of the pulse current generator of the diagram of
shift, interferences frcm which considerably exceed use€ul sigral.
The screening of measuring devices in the betatron is almest
lmpossible, sinrce introducticn intc the working gap cf ferromagnetic
or massive nonferromagnetic shield distorts the controlling magnetic
field of betatron, leading at best to a sharp decrease in ¢hke nunmbar
of trapped into acceleraticn electrcns. It is necessary tc ccensider
alsc that the charge, led to the end/lead of the cycle of
acceleration, is substantially less than the charge c¢f beam, *rapped
irto acceleraticn, which respectively decreases the value of +he

use¢ful measured signal.

Fcr measuringy the magnitude c¢f the charge cf beam, discarded tc¢
the tacget at the end of the cycle cf acceleration, it is pcssible to
utilize the rrocedure, used on the betatron 15 MeV. Method consists
ir the measuremsnt of electronic current directly frcm the target in
small phases of the discharge/break c¢f the electrons from the ortit,
vhich correspond to energy on tte crder of 1 MeV. With the =2n>3gies
5f electron, which exceed 10~-12 MeV, the current from the target
considerably differs frecm true current, since the path/range cf
glectron in the material cf target (tungsten) is 4-5 mm, whereas +hea

real thickness of target does not usually excead 1 mm, Therefcre the
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large part of the accelerated electrons threads target rijht +“hrough
ard, tnerefore, is not recorded ty measuring meter. It is morz than

rom its

rh

that, under the action of the electrcn bombardment of target

F
s

material are freed/released seccndary, tertiary and so forth e
glectrons., If the part of these electrons leaves target, instrugen*
will record a decrease in the current from the target. Wwhen th=2
emission of secondary electrons is sufficiently great, instrument
shows the current whose pclarity is cpposite expected. For
Jetermining the true numter of electrons, which experienced collision
with the target, it is necessary tc coasider the electrcns, reflesctad
by the material ot target. The reflection of elactrcons with ths
energy from several ten kilcelectrcnvolts to 1.75 MeV for th=
natcrials of target over a wide range z is in detail investigated by
Seliger and recently Lty [ressel [10)., The coefficient ¢f refliec<ion
of electrons is defined as the ratic of a difference in tctal zuabder

of electrors, reccerded by ccunter, and an initial number c¢f electcens

¢o &n initial number c¢f elactrcrs, i.e.

g - Mooa=Mmw _ fros _ g (108)

Mgy flnay

shere ", - numsber of electrons, recordad by instrument in th2
abserc: of tne rceflecting sample/specimen (in our case ~ “arge*) ;
Mloo: = Mwae = Moy - pumbar of particles, recorded by the same inz*ruarnt
at the same pcirt taking into acccupt the electrons reflected, i.-q.,
in the presence of the reflecting sample/specimen (target); Mem -

numper of the electrcns reflected.
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For 2=74 (tungstern) and the range of energiss of electrcn to 1.7

MeV coefficient p-~0.8.

In the expressicr fcr deterpining the magnitude ot ths cnarj=s of
beam, jettisoned to the target sccn after the termination of
injection, it is necessary to intrcduce correcticn for reflection in
the foram of term (1-3)"t. Then, assuming that the current pulss froa
the target has sinusoidal form, the charge of the discarded fteaxz canxn

be calculated according tc the formula

It
Qu 1,57R

(1 -9 {109

wherz flu - amplitude value of current pulse from the target; ¢ -
duration of current pulse and f=0.8 - coefficient 0f reflactiern ef
electrons by tungsten target. Prcduct in the right side of the
tormula is pumerically equal to the area of current pulse frcm *h»
target. Value /. will be determined from expressicr /, = U,'R, whars?
v - amplitude value of a voltage drop across resistor/resis*ance of
R, through which leaks cff the measured current of the fallzr “0o =<h=
target electrons. Then equaticn (109) takes the form

Uyt
Q 1,57R

(1 =g, (110)
Signal amplitude from the target is greatest in small phasss cf
shift, i.e., with the kinetic erergy cf elactrons 0.4-1 MeV, Th=

amplitude of this sigrnal cn the resistor/resistance cf 100 chas
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composes 1.5-3,5 V. With an increase in the phase of stif< cccurs <he
decrease of signal amplitude trcm the targat and, in the phasc of
aporcximately 1800 ps, which corresgcnds to energy of slectrcns 7-3
MeV, is planned tendency toward a changye in the polarity of rpulse
(Fig. 3). A larger increase in the phase leads to a chargs in tha
sigral polarity whose amplitude virtually does nct aepend on further

increase in the 2nergy c¢* electrons.

The vecltage pulse frcs the target of high-current petatrcr to 25
MeV, created by the current ot electrons on the resistor/rasistance
of 100 ohms with =100 us after the terminaticn of injecticn
(E=0.7-0.8 MeV, has an amrlitude, equal to 3.5 V for the duraricn 3
use. The elsctronic charge, calculated according to formula (104), it

is egqual to Uyt

—l (=5 =500 il
15

Qn=

vhich correspends to a nunber of accelerated electrons
N=Q/e=5,56e1012, This quantity c¢f electrons in the high-currern=
betatron 103 times of more than the appropriate value, attaired Ir
trhe majority c¢f the best samples/srecimens of usual betatrors ir

which charge does not exceed Se1(3 electro-neutrons/pulse.

Paje 60.

T.ere is yreatest interest in the measurement cf the =l2actror::
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charge of beaa, led in the betatron to the end/lead of the cyclc of
accelé:ation. The method cf reccrdirg the current from the target
does rnct give the pcssibility tc fulfill these measurements cn
reasons indicated above. Hovwever, the curreat pulse, removed from the
target with spall ¢ (i.e., with small E), can be used for the

calibration of any other sensor, fcr example signal electrode.

As ths signal electrode-indicator were used twc sacter turns
with the azimuthal angle in 1209, made from aluminum wire and placed
witkir vacuum accelerative chamler at a distance of r>rg. Tures warz
arranged/located above arpd under median plane of betatron and in the
usual mode/conditions of work of the accelerator were utilized as the

displacing winding for cktaining the short emission iampulse.

S e e -~
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FijJ. 9. The oscillcgrams of current pulse from the target and from
2lectrode-indicator: in all photcgraphs upper oscillcgram shcews the
veltage pulse from electrcde-indicator R=91 oha, lower - voltag~
pulse IZrom the target. In the expasion stage of the orbit of *ke beanm
of equal to 1) #=180 us; 2) #=U400 us; 3) #=1020 us; 4) #=1260 us; 5)

#=1500 us; 6) #=1800 us;: 7) ¢=M04g,

Page 61,

The connection/ccmmunication of signal from the target and tha
signal from electrode-indicatcr with the different energies cf ths
accelerated electrons E is illustrated by Pig. 9. Before the
iapulsss/momenta/pulses being investigated is visible the randcm
noise froa the impulse circuit cf auxiliary designation/purposs. Th2
lapulse/momentua/pulse of the lcwer oscillogram Pig. 9 corresponds %o

energy of electrons cf aprroximately 20.5 MeV (#=3060 us). Ir the
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duration of pulse 11.5 us, the amplitude of voltage 120 aV (R=91 ohm)
the impulse/momentum/pulse corresgceds to a charge 4.7¢10~7 k, or a
number of electrons in the impulse/somentum/pulse of order 31012,
This value 600 times exceeds a pumker of particles, accelerated in

usual betatrons (~5¢109),

Thus, at the beginning of the cycle of acceleration in tha
chamber/camera of high~current ketatron circulates the electrcnic
charge, equal to 8.9¢1077 k. It creates circulating ic orti«

electronic current, egqual to

Ly woe = Q —==— — 167 a. (12

2nr,

vkere Q - charge; p=v/c - relative velocity of electrons; c=3e1ylo
cm/s - speed of light. At the end of the cycle of acceleraticn tne
electrcnic charge, equal to 4.71077 k, creates the circula%ing in

orbit current, sgqual to

. 3 He
Livon=Q 2‘ =47-10 7 2m = 9ta. (113

R

Then avarage/mean in the cycle ¢f acceleration circulating ir ortie
current is 130 A. The accelerated Le¢am in the high-curreat retatron
is dumped to the target for the tise of 0.1-0.2 us. The pulse currant
of electrons to the target with the charge 4.7¢107 to the duration
of emission impulse T =U2 _ g, coaprises

/

- — = 2,%"-) a, {114
“u

but with ¢, =01 uS /, =47 A.
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Page 62.

It is necessary to ncte that the corrected numerical values are
obtainad on the basis cf the measurements, carried out with cne of
the usual operating modes on the accelerator. In a number of cases
the charge of the beam, trapped intc acceleration, exceeds theo

cerrected here values,

§11. Investigatiocn of beanm in the process of acceleration the lateral

instability of beam in the betatren.

During the experimental investigation cf the prccess of
accelerating the beam of electrcrs in the first high-current tetatron
ir 1960 was disccvered the phencmencn of the lateral instability of
the circulating electrcn team. Instability appears in the shaped beam
after the considerable time after the end of the process of injection
and is evinced by the pericdic increase of the amplitude ct the
bourcing of electrons fcr a radius cf equilibrium orbit tco the
vertical sizes/dimensicn c¢f accelerative chaaber/camera for r=r,. Por
a cartair pericd of time (from 15 us more) beas "scratches" chambar

valls, losing on then the fpart ¢f its electrons. Then the anfglitude
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of betatron oscillations is decreased, becoming less than the
vertical size/dimension c¢f chamter/camera. After certain time (cn the
order 5f hundred or hundreds cf micrcseconds) the prccess again is
repeated, being accompanied every time by the death of the part of
the accelerated electrcrs cn the chaaber walls. In entire cycle cf
acceleration can be lost 60-90c/c cf the seized intoc the acceleration
number of electrons. In this case oa the aquadag of chamber/camera
remains clear beam trace in the fcrm of dark/nonluminous circular
paths/tracks with the radial size/dimension afpproximately 10 mm and
the well-marked boundaries. Paths/tracks are arranged/located on the
upper and lower chamber walls accurately on radius rqo ©cf the

equilibrium crbit of electrons.

With the aid of the procedure, described in the
pteceding/previous paracgraph, fcr the high-currsnt betatrcn cn 25 MeV
are cbtained the oscillograms of the impulses/aomenta/pulses cf tha
srontaneous discharge/break of electrons to the chamster walls (sec
Pig. 10)., The picture, refresented in Pig. 10, tc a consideratle
extent depends on the conditions of injecting the electrons in the
betatron, i.e., from a nusber of trapped into acceleration particl=s.
Changing the conditions c¢f injecticn, it is pcssible to cbtain from 1

to 8-9 impulses/momenta/pulses cr cne reset pulse.

Page 613.




DOC = 80171504 PAGE ?g'

It is characteristic that independent of a number of reset fpulsss,
vhich occur in the process of accelerating the beam, the rate of tha
dose of the bremsstrahlung of betatron remains in effect constant,
ard tc tha end/lead cf the cycle cf acceleration always %“lives" an

approximately identical number c¢f electronms.

Tha full/total/complete tise, during which is cbserved the
phenomenon of the lateral instatility of beam, in our experiments
1500=-16004s, which corresponds to an
coupcsasAenergy of the accelerated electrons of approximately 10

Mev.

It was at first assumed, that the instability of beam is caused
by rasonance phepomena, caused ty the fact that the value of the
coefficient of the dror ¢f magnetic field n in the betatron was eygual
to 0.5 on radius ry. In ccnnection with this the pole of betatcon
they were replaced nev (see Pig. 3). Value n in the latter case was
equal to 0.6 and vas retained agprcximately constant on a radius,
However, the picture of the instakility of electron beam remzined
previous. The late onset of the instability of beam in the transverse
direction experimentally was chserved in the resonance particla

accelerators and in the accusulatcrs/storage.
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The appearing recently investigations of the ccherent
ipstability cf beam irn the accelerators and the accusulators/s*oraye
shed light on the nature cf this ghenomenon. In work [15] is
theoretically investigated transverse electrosagnetic interaction of
intense, uniform in the azimuth beas with itself taking into
account the effsct of the resistor/resistance of the walls ¢f vacuunm

chaabere.

The beam of particles, which rctates with the angular frequency
wg ard which accomplishes coherent tcuncing, generates travellirg
waves whose angular frequency is egual to w={(1+ v) «g, where v -
number of betatron oscillaticns per revoluticr. In the case c¢cf th=
absence of the resistor/resistance of chamber walls these
oscillations ara stable. In this case on the team opsrate the
electromagnetic forces, cut cf phase on 90° with resgect to the
oscillations of vertical speed of Leam and vhich only a little
displace frequency of betatron. If this shift it is sufficient for
changing the wavelength cf betatrcn oscillaticns to the value, which
corresponds to any rescnance of accelerator, then beam becones
unstable., Por this is usually suvfficient to change +~ to 1/4, Maximum
charge for the majority cf installations proved to be sufficiently to

large ones.
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Page 6u.
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FPig. 10. Oscillograas of raset pulses of electrons in process of
accelerations, obtained under varied conditions of injection:

numerals under oscillograss shcwv duration of intervals between
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impulses/momenta/pulses of "discharge/break", us; numerals atove
oscillograss - 2nergy of electrons at moment of "discharge/break",

MeV; rumerals between cscillograms - series nuaber of experinment.

Page 65.

If the resistor/resistance of walls has finite value, then the
fields, caused by wave with the frequency w= (1—v)we create the
acting on the beam forces with the component, cophasal with the
vertical coherent rate. Specifically, this wave can lead to an
axponential increase in the transverse oscillaticns of beam. The
anergy of transverse mctichn is taken from the longitudinal particle
motion. The electromagnetic fcrces, connected with the wave Lty
frequency o=(l +v)ws contain the ccaponent, shifted on 180° relative
tc vertical coharent rate, and they lead to exponential dampiny of
bouncing. In work [15] it is shcwe that in the case cf the Lteanm,
vhich consists of the particles with identical values Vv and wgy, the
final conductivity of chasber walls always leads to instability. The
time constant of the build-up/grcwth of instakility for the case of

betatron is given by the agquation

=3 me T BT v )w,, (115
ao—‘?' P . 'NI.P ' c.‘ 8 °(l ':)“‘0 ( )

vhare my, and e - mass and electron charge resgectively: y=mc2/mgc2?2 -
energy of elaectron in the energy units of rest; pf=v/c - relative

particle speed; ¢ - speead of 1ight in the vacuum: h - vertical
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size/dimensicn of accelerative chamkter/camera; wgo=c/2¢r, - frequency
of revolution of particle cn the orbit; r, - radius of equilibriun
orbit; v=V¥a - the numker of vertical batatron oscillaticns per
revolution; n - index ¢f the drcp ¢f magnetic field cn a radius; o -
cenductivity ¢£ the material of ccating tha walls of accelerative
chamber /camera. From the equaticn it follovws that the rate of yrcwth
in the instability is prcportional to the number of particles in beanm

¥ ard is irversaly propcrtionmal Ve
Page 66,

For a high-current Letatron on 25 MeV the antering equatiocn
(115) values have values; “: =) n=)06 where wg=c/2wvIg: ro=24 cm;
0=6.30101¢ Q-1 The substitution ¢f these values with N=1012 jin
aquation (115) gives time constant ry~~0.5¢10"3 s, which by an order
15 less than the duraticn of the acceleration of electromns in
betatron (f{yx =5-10~% s). This reans that the instability of team can
be developed several times during one cycle of acceleration. Sirnce 7,
is reduced proportional tc decrease y, then with smaller y at the

beginning of the cycle of acceleration r, will be still less.

From the given in Fig. 10 cscillograms it fcllows that tae
developing instability leads to the death only of the part cf

circulating elasctronic current in each cycle "automatic reaper". The
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decrease of the circulating current leads to the ircrease of the
time, necessary for tha develcpment of the sutsequent instatili+y,
vhich is acccmpanied ty the next lcss of the part cf accelera*ed
electronic current. This pericdic frocess continues to those pores,
trhe charge cf the circulating current will not be lowered tc cer+ain
critical value, with which r4y teccses more than time t, which remains
to the end/lead of the cycle cf acceleration, and losses no lcnger i%
is observed. Consequently, tctal electron charge, which remain in
orbit after the cessaticn of “"self-ejections™, is certain critical
maximum charge of the beam which can be ™brought™ in the high-currant
petatron to the end/lead cf the acceleration., In%troduction *c
chamber/camera and capture in the acceleration of the electrcn beam
the magnitude of the charge of which is more than this critical
value, does not lead to an increase in the charge of the accelsratad
beam, since this “excess" part cf the charge perishes on the chamber
valls as a result of the developing instability of bteam in the

vertical direction.

The value of the electrcepic charge of beam, whick cifculates in
orbit at the different xcments cf the cycle of acceleration, can bhe
evaluated as follows. Time ccnstant r5 is aqual to the time, during
which the amrlitude of the bouncing of beam (i.e., the vertical

size/dimensicn of the accelaerated team) grows/rises in 2 of timaes,
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Page 67,

Consequently, the vertical size/dimension of team A grows/risess

according to the law

I
A=A, $)16)

hence

4
K vrryal (1

whare Ay ~ initial size/dimensicn cf beam, A - maximum vertical size
of beam, limited to the vertical size/dimension of h of accelerative
{ champer /camera (in our case of h=1€.,5 cm) on a radius cf equilibrium
orbit ry=24 cm; t - time, necessary €fcr an increase in the arrlitude
from Ay to A. It is obvicus that in the gap/interval betweeL two pean
bursts first is pressed in the vertical direction to certain value of
Ag, ard then again is exranded tc size/dimension of A. Therefcce
interval !; between two impulses/mcmenta/pulses can be devzlcped o¢n

& two parts, proportional tc relaticn fi-i/f;. In this case the fizst part

of the interval correspcnds tc the comprression of beam, and the

second - to expansion.

Time t, entering exgression (117), is determined from the

intermediate graphs which can be ccnstructed c¢cn the tasis cf data of
# the oscillograns (see Fig. 10) taking into account cerrections for
the increase in the energy of beam in the process of acceleration,
and 1t is written/recorded in the fcrm

f=t — Al | (118)
¢ 4+t~
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For determining the initial size/dimension of A, of Leam, i.e., the
size/dimension, to which tbe Lream will be comfressed for time t, w2
will use the equation cf the charge density, cbtained by P. A.
Chardantsav,
A+Q2 e —1)— F=0, (119)

whsre .

n=lnt ; @=L (1) F=7

* .om

Value cf py is calculated frca formula (16), and F is fcund frca

the equation

A Fem—@i(e"- 1) (120
dn

Page 63«

The solution of the equation of density (119) for plane beam on thz
assumption that in the keam changes only vertical sizes/diaension with
the ccastant/invariable width of team in the radial direction, takes

the ferm:

a=ey 20~W _ 1 _g ™% _¢") = o) (121)
where mo=n ({=0). uwith t=0 the beam has the maximum vertical size cof
A=h and n=0; in this case %o=% and the right side in equaticn (121

is turned into zero.

From equation (121) it is possible to deteraine functicn ((M):
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dt 1 1
— = e = ——, 2
L1 ] o (122)
wherce
dy
dt = 22 123
o (123)

After the integration of expressicn 8123) in the limits frcm Mo and
n we will obtain
" 1
(n) Qe [e2 (1-%)_ 1—2 (e2"t—'b -l )lm
o o -
T (124)

In gereral this integral is not taken; therefore its value is located

by numsrical integration.

Dztermining ¢t acccrding to expression (118) from the
oscillogram, it is pessitls tc find from the graphs the vertical
sizes/dimension of beam A,, which ccrresponds to time t. It shculd be
ncted that value A, proves tc be aprroximately idemtical for all
values of energy E of launching/starting, i.e., for any intecrval ¢,.
Substituting A, into exfressicn {117), we find value tw for %he
appropriate i moment/torque of the cycle of acceleration.
Substituting T« in equatican (11S), we obtain numbers of particlas N,
wvhich circulate in orbit in any tise interval between the i-th aali
{(i+1) -th reset pulses cf aelectrcns, The results of calculaticn for

the oscillogram (see Fig, 10, series 11-11) are given in Tatl=2 3.
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The drop of the current of the charged/lcaded particles in tke
process of acceleraticn is given cn the graph of Fig. 11, Point 3
{see Table 3) for the oscillogram in question falls ocut from the
general/commcn/total shape of tte curve, Bemaining six pcints ace
placed to the curve. As can Le seen from graphs, the loss of
electrons as a result of the lateral instability of beam corncludes
for the data of the cases with the energy of electrons of
approximately 10 Mev, decreasinc tke charge of the seized into th2

acceleration beam 5-6 tinmes.
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Table 3.
) - | X acumass. Rarepsas /. '3:’('.:' o wor| () N, 100
~ - rpamus (?) nucen MeNT f;, 436 { e2eKTDONO®
! Hh—0 205 19.6 8,0
2 L=t 65 2,46 4.4
3 - t; 100 3.% 3.4
4 ti—b 110 4,52 2,7
5 b—t, 130 5,12 3.2
6 te—ts 180 6,61 2,35
7 t—le 250 8.34 2,03

Key: (1). Number of point. (2).

Section of oscillogram. {3). Interval

i, ps. (4). Energy into mcment/torque f,, MeV. (5). N, 1012 elactrons.

0% vacmay (1)

N\,

N

Bty O awtgd

b

Bu 0O

2 1
0 2 AN R0 K e D)

Fig. 11. Decrease of accelerated electron charge due to lateral

instability c¢f bean.

Kéy: (1)« particles.

Paqe 70.

‘2). MSe
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The subsequent slovw and insignificant decrease of the charge of bean
is caused by thz usual reasons (lcss on the atoms of residual gas,
etc.). Up to the moment/tcrque cf the end of the prccess cf the
vertical oscillation of Leam a numter of particles ccmprises
20301012 (see Fige. 11). The measured nuaber of accelerated elzctrcas
comprises 3e10!'2, whick will agree well vith the results of the given

abcve calculations.

Using data of these calculations, it is possible to present
gualitatively the picture of the Ltebhavior of beam in the high-current
betatron in the process cf acceleration, This picture is cCaprasentad
in Fig. 12, It is necessary tc rcte that scanning/sveep of
oscillograph OK-178, on which were remaved/takem oscillograns, vas
nonlinear. On the graph cf Pig. 12 is represented tha oscillcgram cn

the graphic scale of tise.

From the figure it is evident that with an increase E and
decrease N increases time t, necessary for the oscillaticn of Lteanm
frem Ay<h to A=h, where h - vertical size/dimension of chamkter/camcra

on radius rge.
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Pij. 12. The qualitative picture cf the behavior of Leam in th2

higk~current petatron cn the graphic scale of time (series 11-11):
A/2 - Lalf size/dimension of doughnut in z-directicn; Ays/2 - half

sizesdimensich ¢cf beam at the acment cf compression.

Key: (1). NeV. (2). pSe (3)e Axissaxle of bundle.

Page 71,

After a decrease in the pumber c¢f circulating electrons to thg value
of order (2-3)e¢1012 the time c¢f th¢ develcpment cf instability
becomes more than the time, which remains to theé end/lead of the
cycle of acceleration, and this entire beam being retained tc the
end/lead, it is dumped tc the target of accelerator. Thus, Icr the

first time during the creation ¢f Ltetatroas in the high-current

o™ - - o I A s ¢ - e
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betatroas of TPI they will achieve the limiting current of electrons,
the componant to (2-3) 1012 particleés/pulse which can be acceleratad
ir the prescribed/assigned paraseters of the magnetic field cf
accelerator. Limiting current is limited to the onset of the lataral
instability of beam, caused by interaction of beam with the
ccrnducting layer of ccating chaster valls. An increase in the nunmber
of seized into the particle acceleration does not lead therefore to
an increase in the nuaber of particles, led tc the end/lead cf the
cycle of acceleration, and therefore does not increase the ratz of

the dcse of breasstrahlung.

312. Determining the dinmensions of focal spot to the target cf

betatron and the rasults c¢f the tests of betatrons.

For applying the betatrons in the industrial radiography it is
necessary to know the dimensicns c£ the "focal spot", formed by tha
beam of the accelerated electrors at the end cf operating cycle on
the target of accelerator, For measuring the sizes/dimersiors of
focal spot wvas used the special chamber/camera whcse diagram was
given in Pig. 13. The beas cf the bremsstrahlung of directicn into
the lead objective, which has the cpening/aperture with a diag=ater cf
0.1 am, and on the photcgraphic f£ile is obtained the inverted image
of radiation source, i.e., focal sgct on the target cf betatron.

Objective and chamber/camera are reliably shielded from seccrdary
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radiation by lead shields. The sizes/dinensions of objective and
chamber/camera are clear from the drawing. In the test whecse diagranm
is shcwn for Fig. 13, the image cf focal spot on the photographic
film was obtained to scale 1:2. Sgct has elongated in the vertical
direction form with the sizes/dimersions about 1x3 and 0,1x3 rmn for
the betatrons to 25 and 15 MeV. The cbtained sizes/dimensions cf
focal spot are satisfactory fcr ccnducting the majority cf practical

works and investigaticns tefore the flaw detection.

The practical possitilities cf pulse betatron during its us2 for
the radioscopy of material in tke fulse radiography were evaluatced

accerding to ths radiosccpy of the saximum thickness of lead block.
Page 72,

Or the path cf the bundle of bressstrahlung it was placed the lead
key, carried out in the fcrm of cute with the side 50 mm, which has
on the face, turned to the photcgraphic filam, the cylipndrical
operings/apertures of different derth. Casseotte with the film was
arranged/located directly after the key and vwas from behind shielded
by the layer of lead. The overall thickness of the absorber before
the film charged with supplementary lead blocks. The task ccrsis%ed
9f the determination cf saxisum tiickness of the x-rayed material,

i.e., this thickness, which "was avajilable™ tc¢ beam under thke most
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favoranle conditions of radiosccpy (fluorescing intensifying screens,
mcst sansitive photographic materials, 3tc.). As the radiaticn
detector was utilized the x-ray fils of firm "Ilford" with
fluorescent intensifying screens {front/leading and rear). By oOne
amissioi. fspulse it was possikle tc¢ X-ray the layer cf lead with a
thickress of 140 mm. In this case on the film was distinguished the
image of che openingss/apertures cf the key, on which was determinsd
4a¥aws: x-rayed thickness. Average density of blackening of film

0. 7-0e¢ 9. The photometric seasurement of filams was nct produced.
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600 ] J0

Fige 13. The diagram of chamber/camera for photographing of the focal
spot of betatron: 1 - target; 2 - ckjective; 3 - chamber casing; 4 -
photographic film. Belcw - the schematic of the construction/design

of objective,

Key: (1) « Beam.

Page 73,

Fcr tke radicscopy of the same tlcck of lead ¢n the ketatrorn cf TPI

on 30 MeV at the rate of the dose cf 70-80 r/min was required “he

time from three to five seconds, i.e., from 150 to 250 emissicn

impulsas, This means that the average/mean radiaticn dose rate of
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hijh-current betatron per cycle of acceleraticn is arproximately S
r/cycla, i.e., 1t is apprcximately/exemplarily 200 times more “Lkan in

usual betatron on 30 MeV,

For the laboratory evaluaticp/estimate of the technical
possibilities of high-current tetatrons to 25 and 15 MeV, vorking at
the frequercy 50 Hz, were carried cut some investigations on the
radicgraphic flav detecticn of the thick layers of different
materials (lead, steel and plastic). In the process cf the radioscopy
of samples/specimens to the film cf type RM-1 and RT-1 were selected
the oprimaum thicknesses cf metal intensifying screens on the saximum
blackening of film at the pinimux fcr each specific case expcsure.
Investigated also a change in the necessary thickness of intensifying
screen with an increase in the thickness of the x-rayed layer of
material, As a result of the filtration of radiation/emissicn the
thicknass of front/leading intersifying screen respectively
grovs/rises. The high intensity of the bremsstrahlurg of high-currernt
betatrons makes it pcssitle tc considerably reduce the time cf
exposure with the radiosccpy cf materials in thickness to 300-400 mm
they began tc incrsase tcth the wmaximum thickness of the x~rayzd

material and productivity cf the Letatron method ¢f ccntrci/checking.

Thus, the layer of steel in thickness 200 and 400 mm is x-rayed

vith ¢he radiant emergy 11 MeV and focal length of 1 m for 1.% and 40
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min respectively. But with the energy of emission of 25 MeV and the
fccal length of 2 m the layer of steal in thickness 200 and 500 nmm is

x-rayed respectively in 2-3 s ard 40 ain.

The photographic density cf film in all cases was led tec 1.6-1.7
upits of optical density. Fig. 14a depicts the dependence of *he tinme
of the exposure of the radicsccpy cf different material with the
radiant energy 11 MeV on the thickness of abscrber. The higt
intensity of radiaticn/emission decreasass the ill effect of the
asscciat*ed transient prccesses. Therefcre is fossible obtaining tha
detectability of defects in limits cf 0.9-10/c of thickness of th=
x-rayed layer in entire range of the thicknesses of material (from

200 to 510 mm on steel).




; DOC = 80171504 PAGE 2}

Page 74.

NERIRYINERE

<
<

288 3
-

P

-

Jxcnosuyu , MUK
£Es
—
BayY .
N
I
AN

a
-

-
=
>

{ 1/ !

i
ol LA
| o8 AF
: e 7
\ 7 5 A | —
Y=o 30 40 '50 50 70 8 .90 w120
() Tonwuna noensmumens, cr
P!

T
{

o e
D O

~a
©

=

N 1T
N\

*» Lo
< S S
~N

~
-

Brnbaserocms de@exmod, mm

Yo
Q“Q_'

B0 20 J80 400 §00 500 700 L0SRNW.
( 4) Tonuwuna Ro2RBMUMEnT, MM .
A . . ' .

oy
b
s

-

Fig. 14, Graphs of exposures (a) and detectability of defects (b) for
case of high-current retatrom with energy 11 meV: ? ~ lead, focal
length of 1 m, film RM~1, shields 1P2; 2 - steel, focal length of 1

m, shialds 1P2; 3 - plastic, focal length of 2 mn, shields 1p2.
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Key: (1). Bxpcsure, min. (2). Thickness of absorber, see (3).

Detec*ability of defects, mm. (4). Thickness of absorber, mma.

Page 75.

Ths detectability of defects, determined by the standard
penetrameters, prepared from theé material of the
centrollable/controlled/inspacted sample/specimen, is represented in

7ig. l4b. Due to the large thickness of the x-rayed samples/specimens

(&1

(throughout the model mass more than 1500 mm with the radian% erergy
11 MeV) <+he image of the defect, lccated near by that turned <o the
radiation source of the wall cf sasple/specimen, is increased, which
impedes the determinaticn of its actual sizes. The simultanecus us»
of two beams, g2nerated Ly sterecktetatron, makes possible the
stereo-exposure of defect. FPig. 1% shows the cbtained with the ail cf
the stereobetatron X-ray stereoscopic photograph cf the steel
article, which has lengitudinal blind openingysaperture. The lcwer,
more light part of the negative ccrresponds tc the layer of lead wi<h
a thickness of 50 mm (standard lead brick of biological protection),

which was established/installed befcre the article. Exposure during

the photographing 1-2 s.
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Fig. 15. X-ray stereoscotic photograph of steel cylinder with the
ccncertric cavity: transverse band - face of the lead brick, whkich

was bteing located before the article; exposure of approximately 1! s,
Page 76.

The laboratory tests of high-current betatrons confirm the great
pcssibilities of their use/application for the radiographic

monitoring of articles and materials of large thickness.

§13. Position rfinding of defect with the aid c¢f two beams cf

breasstrahlung.

During the flaw detection of the thick layers of materials with
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the aid of the betatrcn bremsstrahlung frequently appears the need in
the deterwmination of the depth ¢f the occurrence of the disccvered
defect ir the thickness of the cecntrollable/ccntrolled/inspeacted
material or article, The betatron, which generates twvc beams cf
bremsstrahlung [11], consideraktly facilitates this task, sirnce it
makes it possible to obtain the space image of defect. Analyziny ths
geometric picture of the cttained space image of defect, it is
possibla to detsrmine the depth of the occurrence of defect in thsz

article,

In the presenca of twc fixed/recorded beams with the
prescribed/ass’gned distance cf B between foci @ and @, and the
argls a betweer the beans the procedure of the inspection of article

is reduced to the following:

1. article is moved in parallel to line @@y (Pig. 16) by

steps/stages corresponding to the field of irradiation.

2. Pocal length F remains constant during inspection of this

article.
3. Position of photcgraphic films and their sizes/dimersicns are

selected conceal by shape so that field of irrcadiation by pillar

would be placed over area cf filrm.

R R i

~a
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L2t us examine two pcssitle cases during the use of a
steresobetatrcn for the stereo-flaw detection. In the most favorable
case dafect "sas® both Leams sisultaneously, i.e., defect is lccatad
in the intersection regicn of beass., Por determining the coordinate x
it suffices to measure the distance between the images of defect or
the photographic films. In this case the expressicn fcr x in

accordance with the gecmetric ccnstructions on Fig., 16 takes th=2 Iorm

- P

o _o (125y
% +B o

X =
Page 77.

Wwith c=0 (films ares loccated directly on the surface cf article)

Fb,
b+ B

X = (126)

In the large phase (fcr example, in the twvo-chaaber stereobetatrcn)
and with *he radicscopy of large-size articles is possible *he cass
vhen the defect first falls in the field only of orne bzam, Sc that

the defect would be "noticed" Ly the second beam, it is necessary

article to move in the direction c¢f itc longitudinal axis to certain

distance of 1 (Fig., 16).
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Pig. 16. Diagram of sterec-flav detectioa by two beams of

stereobetatron.

Page 78,

Ir this case the depth of the occurrence of defect easily is fcurgd

from the same geometric relaticrstips/ratios:
LA U ) N
X b 2B c. (127)
In the prascribed/assigned direction of movement of article thea
defect is fixed/recorded with first or second heam, derendiny
on that, through wvhat side of the region of the radicsccpy cf beams

it is located. The latter detertines the sign of value 1 in formula
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{127)., In the case, depicted in Pig. 16, the defect is located behind
the intersection region c¢f beams (c¢cn the course of
radiation/emission) ; therefore it falls before in the field of the
viaw c¢cf *he second beam., Value 1 in fcrmula (127) in this case is

positiva.

The required fcr deternir’ng ¢f x value t; can te replaced Lty
value b=b,+-1 which is measured more easily than b,, especially with
tke large sizes/dimensicns of the ccntrollable/controlled/inspected
article. Is measured value b as fcllows. Let defect A during the
first pnotographing prove to Le in the zone of action of the €first
beam. Its image was designed at pcint A, of photograghic film P,.
Agaipst this point on the surface c¢f article, turned to the
photographic film, is reccrded ty chalke After this article theay
gradually move relative tc radiaticn source, and, vhen displacement
reaches certain value 1, defect A falls into the zone of the actiocn
of the second beam and its image it will be designed at pcint A, of
film P,. In this case the mark, which correspends to the first imagje
of defect, also is moved tc value 1. The place of the seccnd image
agair is fixed/recorded c¢n the article., After measuring tLhz dis*tance
between the marks on the article, ve will obtain b=b +~-1l. Ir this

case formula (127) sqmeuhat changes:
n -
X m —¢C. ..28)

Froa the geomeﬁry FPig. 16 it ie possible to alsc find exrressicn
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for determining coordinate y of defect from the longitudinal axis of
article. Tbtis coordinate should ke counted off from the marks on ths
articls,

Page 79.

During the use of a mark, which ccrrespoads to the second image cf

defect, the expressicn fcr y takes the fornm

y= ZZE(by + 8 £ 2y), (129)
where 3, - displacement c¢f the seccnd image of defect relative to the
trace of central ray, i.e., relative to the center of photographic
film. If the image of defect is lccated to the right of the traca of

central ray, as occurs in Fig. 16, value a, in formula (129) is

negativa. In the oppcsite case - it is positive.

If necessary can be determined also coordinate z:

z-a.(l—i‘;-‘\’. (130)
Since
- F¢, 20
x+¢'-————bl+8 (3l
that we will obtain
. b+t
z==a,(l— S ) . (132)

vhera 2, - divergence of the image of defect relative to *“he rclane c¢
the axes/axles of bundles. Cocrdinate z is counted oft in trlLe

direction of divergence aj.
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Thus, the method of the stereo-control/stereo-checking cf
large-size articles ard thick-walle¢d materials examined gives the
possibility with a sufficient degree of accuracy to determine the
coordinates of the locaticn of defect in the thickness of the
contrcllable/controlled/inspected material. Method is ccnverisnt for

the inspection of batch production in the the production corditions,
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Page 80.
Chapter 5.

Two-chanber stereobetatrc¢n.

In many instances cf the practical use/application of betatrons
appears the need of irradiatirg the object from two isclated pcints
with tae separate locaticn of the irput and output fields of

irradiation.

For example, in the industrial flaw detection of thick-wallied
materials cr parts it is necessary not only tc¢ raveal/detect +“he
presence of defect, but alsc to determine its locaticn in the
thickress cf material. ¥he presence of stereoscopic photograph makes
it possible %o unambigucusly determine the depth of the occurrencs of

defect in the article.

In the clinical medicine it is possible to use the two-field
rotation irradiaticn cf ctject, selecting the fialds of input and
output of beams in such a way that the beams would intersect on th=

swelling.
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The duration of the emission iapulse of Letatrcn comprises
usually about 10 us. The uses/apglication of special attachments
reduces eaission impulse to 0.1-0.2 us [ 12]. Betatron with the short
agission impulss can te used for the pulse radiography of the
high-speed processes or fast-mcvirg machine parts and mecharisms, I€f
ve allow sovement of moving otject up to the distance cf 0.1-1.0 rm
for the “ime of expcsure, equal tc 0.1 us, then thics ccrrespcnds tc
the rate of the displacement of ctject from 103 to 10¢ km/h. The
irradiation of object froam twc isclated points makes it possitle to
obtain the ctereoscopic image of the part, vhich amoves in *he clesed
spaca2, unavailable to optical ctkservation. Por studying the dyramics
of the high-speed process it is desjirable so that the ecmissicr
impulses, which pass frcm tvwo different points, wculd be cu% cf crasa

certain adjustable angle.
Page 81,

In this case ars obtained tvo photcgrapas, correspocding to two

concrete/specific/actual stages developaents ¢f process in the time,

It is possible to give ancther series/rowvw of examples indicatiag
the need for the two-field rctaticn irradiaticn of the subject of
irvestigation. The two-field rotation irradiation of cbject, cr

sterzo-irradiation, can Le sclved Lty several sethods,
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1. Displacament of Lbetatron relative to cobject over circular arc
of prescribed/assigred radius R cr trctation of object arcund
axis/axle, passing through reqgicn of object being investigated. Both
versicns are utilized bcth in the industrial flaw detecticn arnd in
the medical practice. Stcrtcosipgs in these methods: a) the rnesd for
the construction of mechanisss, which ensure several degrees of
freedoe with the displacement of equipment, b) the impossibility of
the realization of the bigh~-stéed/tigh-velocity sterec-exposure of

acvirg objects.

2. Uss,sapplicaticn of two separate betatroans for soluticn of
problems of stereo-irradiaticn. Hcwever, the considerable
complication of the operation of twc tetatrons in coaparison with
ore, the need for the special ¢ising mechanisms of the work cf tuc
betatrons with the high-speed/high-velocity stereoc-expcsure c¢
ob jects, the raquirement for the suppleaentary areas/sites fcr
positioning/arranging of hetatrcrs and auxiliary equipment and so

forth make use for sterec-irradiaticn of tvwo betatroas utsui<«able,.

3. Development of sfpecial coanstructions/designs of betatrons,
vhich generate twvo beams cf bressstrahlung. One of the versicns cf

this betatrcn is develcped and bhe is in series released by firm
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*praur-Boverin ip Switzerland [ ¥S). Pirm “Braun-Bovari", utilizing
for accelerating the electrons the first and third fcurth of goriod
of a change in the magnetic flux, generates ip its betatron two Lkeams
of the bremsstrahlung whkich are alternated with phase shift in 140°.
dowever, the distance between the radiation sources limitszsd ty th-~
diameter of vacuum acceleratcr chagter and for the majori+ty cé
betatrons does not excead 0.% m. Therefore the three-dimensionality
of the image of defect is expressed wveoakly, especially with tha
radicscopy of the thick layers c¢f saterials and the large focal
length., Furthermore, a dcutle-teas betatron of such type do2s not
aaxkr it possible to produce the high-speed/high-velocity
sterec-expcsur2 cf meving cbjects due to the asyachrony orf “re

generation of beams.
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Page 82.

4. !lse of two-chamkter stereotetatron, proposed and d=zveloped icn
TPI. In *his case most ccmpletely satisfy the requirements cf the
stereo-exposure of the fixed and mcving/driving at a high speed
objects. The first two-chamber stereobetatron {(on 10 MeV) was out
into operation in 1957, In Fig. 17 it is represented its

construction/design.

During first fourth ¢f period of a change in the magrnstic ficld
the acceleration in bcth gaps of sterechetatrcn is
accompl ished/realized simvltanecusly during tha motion of the
accelerated electrons alcng the equilibrium orbits in opposite
jirections. Changing target location, it is possible to obtain any
desirel direction of prcpagatice cf beams., It is obvious that ir ths
stereobetatron it is possitle “c¢ utilize for the acceleraticn and
second rourth of pericd. In this case the stereobetatron will
generate respectively four beams, vhich considerably expands the

practical possibilities cf accelerator.

Two crossing itself Lteams, which appear simultaneously, make it
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possible to solve all enuzerated akcve problens of
stereo-irradiation. The distacce Ltetween the radiaticn sources in <he
starecbetatrcn to the energy 10-25 MeV exceeds 100 cm, which provides

tke well axpressed three-dimensionality of the ottained photcgrapns.

- B - e A mee e e
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Fig. 17. Diagram of the ccostructicn/design of two-chamber

sterecbetatrone.

Page 83.

The operating princigple of twc-chamber stercobetatron dcss no-=
differ from the principle of the cperation of usual betatzen,
dowever, some specific questicns, ccnnected with the design teaturas
of steraobetatror in compariscn with tha betatron of w-shaped
ccnstruction/design, requirsed nmore detailed examinaticn and

developnent,

In comparison with w-shaped type betatron two-chamber
sterechetatron it possesses two special features/peculiarities, whrch
escape/ensue from its censtructicn/design. Pirst, the magnatic flux

ot stereobetatron dces nct branch, being general/common/tctal for
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both accelerative systems. In the second place, occurs the mcr2
sharply pronounced asymmetry cf magrnetic circuit with respect to the
pole pair of the shaped, since pole they are arranged/located at *he
ends/lesads of the framewcrks, Lttt not in their center, Both thesse
special features/peculiarities cap introduce supplementary
disturbances/parturbaticrs into the structure of the magne*ic field
of sterechbetatron and cause the specific technical difficultizs in
obtainrning c¢f the satisfactory characteristics of magnetic field in

the irterpolar space c¢f accelerater.

During the develcpment of twc-chamber stereobketatron arcse th

“w

ccnnected with the special features/peculiarities of its
censtruction/design questicns, vwhich required more detailzd s=udy 2nd

e@xperimental investigatiocn.

1. Considerable amplificaticn of azimuthal magnetic bump of

stereobetatron by asymmetric sagpetic structure.

2. Absence of upright struts cf magnetic circuit, elimira<ing
use/applicaticn of ccmpersating turrs for correction of azimuthal
phase aagnetic bump. Arrangesent/gcsition of the corrective turns ca
the frameworks orf electrosagnet dces not give tha desired effect c¢f
the adjusteent of the structure c¢f field, since fcr toth workinj gapos

of stereobetatron magretic flux general/commons/total ard therefore
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the adjustment of the structure cf field in one gap can lecad to the
distertion of field in cther gag. In cther words, the adjustment of
phase magnetic bump of sterecktetatrcn can prove to be virtually

inmpossible.

3. Possible decrease in intensity of radiation/emissiorn in

stereopetatron, caused by two preceding/previcus reguirements,
Page 84,

One should emphasize that due to the absence of tke analcqcus
censtructions/designs of electrcmagrets in the existing betatrors,
ard also the informaticn cn these questions in the literary scurces
we Wwere forced during the construction of the first
sterecbetatrons o develcp each question theoretically and check the

results of calculaticns experimentally.

Let us compare the structures cf the magpetic field of
twvc-chamnber stereobetatrcn and tetatron of w-shaped
corstruction/design. The methods of obtaining the satisfactcry
structure of magnetic field in the stereobetatron whcse
charac4eristics must te, at least, not worse than in tae beta<ron cf

usual, w-skaped construction/desigsn.
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§14. Azimuthal magnetic tump of Letatron.

In the theoretical examinaticr of electrcn moticn in the
betatrcen it is assumed that the magnetic field in the intargclar
space does not depend on azimuthal angleg . Hcwever, in the carria=d
out constructions/designs of the electromagnets of betatrons always
occurs certain aziamuthal magnetic tump. This leads to the dis*ortion
of the circular orbit cf the accelerated electrons. From the th=ory
of induction accelerator it is kncwn that divergence x4, of the

distorted orbit from the equilitrius is determined by the expression

X g — B c0s(8 —a,), (133)
-]

ry Pin—|
!

vhere rg - radius of equilibriua crbit; h; - relative value of the
fundamental harmonic c¢f the deccaposition of the magnetic field of
betatron in the Pourier series; @; - phase of the 1 harmoric; n -

index of the drop of magnetic field.

Azimnuthal magnetic rump ¢f betatron apprcximately can te
rated/>stimated as follcws. Let the intensity/strength of field H, at
certain point of equilibtrium crktit (8 ry) change according to the
sinuscidal law

Hy :H,,|Sinwt, (]34)

whers Hy, - amplitude of the strength of field at pcint (@ ry).
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Page 85,

At another point (@2s C43) the strength of field can differ from the

first both in the amplitude and in the phase, i.e.,

H, = Hy, sin(of — %, (135)

where ¢ - phase shift between the vectors of the intensity/strangth

of field Hy and H,. Taking into account that the angle # is small in

the value, we obtain

H:—H, _  He —Hy 1_&_ $ o~ He M.
H, Ha Hy, tgot H.
+ -, (136)
g wt

since value Hya/Hgy, Clcse to unity.

From the obtained exprression follows that the heterogeneiiy of

field for two points in guestior is composed c¢f two components:

amplitude (Hga-Hgy) /Hpy and temporary/time, or phase e/tgd wt.

Amplitude (static) magnetic bump appears as a result of the

dissymmetry of constructicn/deésign, inaccuracy in manufacture aad
assenbly of the separate rarts cf magnetic circuit and edge effects
upon transfer of magnetic flux thrcugh the structural/design gaps,

i.e., 3s a result of the different reluctance of the sections of

magnetic circuit along cseparate field lines.

The phase heterogeneity of field appears as a result of

R U
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diffarsnt energy losses with the rassaga of flow on the individual
sections of magnetic circuit. This difference in the energy losses is
caused by nonuniform magnetic flux distributicn according tc the
packets of the framevwork cf magnetic circuit, the overflowing of flow
of one sectiocn of magnetic circuit in ancther across the sheets of
steel, and sc forth. As a result magnetic flux at one point proves to
be out of phase to that cr cther side relative to flow at ancther

point of interpolar space.

Fig. 18 depicts vector diagram of phase and amplitude magnetic

bumps of betatron.
Page 86,

Prom the diagram it is svident that the amplitude heterogenei*y is
determined by the vectcr, cophasal with vector Hy,, and phase - ty
vector, perpendicular tc vector Hy;. At the beginning of the cycla of
acceleration with small wt the kigh value has the phase
hetetcgeneié&, vhich reaches by 1C-120/0 during the injecticn,
vherzas amplitude hetercgeneity ccmposes 2-30,0. §ith the the larje
©t phase heterojensity pc¢ longer has a value, since its value
approacnes zero. Both ccaponents cf azimuthal magnetic bump cf
petatron are vell studied [1] and developed the methcds of their

ccrzection,
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Let us pause in more detail at the aziasuthal hetsrogeneity of

fiald (both amplitude and phase) in connectiop vith conditiorns in the

tuo-chamber stereobetatrc¢n,
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L

Fig. 13. Vector diagram cf phase and amplitude magnetic bumps of

betatron.

§15. Amplitude (static) magnetic furmg.

Usually in the betatron the asplitude heterogeneity of field
aces not exceed allowed value (<-~3c/o) and does nct require special

adjustment.

Two-chamber sterecbetatrcn has the more sharply prorounced
asymmetrZy cf magnetic circuit in ccmparison with the betatrcr of
v-shaped ccnstruction/design, since the pole c¢f stereobetatron. they
are arranged/located at the ends/leads of the framewcrks of magnatic

circuit. Therefore for exglaining the structure of magnetic field we
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vill estimate the expected amplitude heterogeneity of sterecbatatron,
takirg into account the design features of magnetic circuit, ard lat

us compare the calculated and experimental asplitude heterogeneity of
stercobetatron with the agprogriate values of the betatron cf

w-shapad construc*icn/design.
Page 187,

Assuming that the precision/accuracy of the assembly of tha
magretic circuit of betatrcn and stereobetatrcn is identical, it is
possible, obviously, tc ccnsider that a diffaerence in the amplituds
heterogeneity of betatron and sterechetatron will be detarmired only
by a difference in tha lengths of the lines of fcrce cf the ragre+ic
ficld of one constructicn/desigr with respect to another magnetic
structure. In this case we will nct thus far take into considera+ior
the fzct that in the stereobetatrcn the total quantity of air gars
along the magnetic circuit alzcst is twice more than in ths Latatron

of w-shaped construction/design.

Fij. 19a and b shows the diagrams of the magnetic circuits of
the betatron of w-shaped constructicn/design and two-chamkzr
sterecpetatron, Length cf the line of force, which passes alcng the
trarsverse axis of the symmetry cf poles, designated /.. the maximum

and minimum lengths of lines cf fcrce -~ l. and /, respectively.
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In this case the designations with the prime N relate %o
the v-shaped betatron. Letters /- .« and /- respectively - tha

maximur and minimum lengths of the lines of fcrce of stareotetatrorn,
whick pass alcng the lcrgitudinal axis of the symmetry of magratic
circuit and adjacent to central pcle core (i.e., in the zcne cf *he
smallest value of air gap of stereoketatron & ). The desigratica of
the sizes/dimensions of the individual sections of magnetic circuit
is clear from Pig. 19. Fcr sisplicity we consider that the .
sizes/linensions of the separate parts of the magnetic circuit of
betatron ard stareobetatron are equal to each other (diameter c:
poles, length and the height ¢f frareworks, etc.):

lomle L2 by U, = I~ 9.

’
3T &

'
[uauc = [.\/ -

For the stereobetatron, considering that . ¥a obtain:

l,=20 g+ 1,4+ hy—2ry
{yon = [y —4r,; lowe =1, —4r;

[‘ uun ™= lu - 2’(-; l‘.‘. nake = l“ el 2r(~

—— e e -
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Page 88.

Pig. 19. Diagram of magnetic circuits of betatron (a) and

starecbetatren (b)e.

Page 89,

From tha comparison cf the lengths c¢f lines of force we see *that, for
example, absclute value cf difference /[ -/ .. in the
steraopetatrcn is twice mcre than ccrresponding difference U, —{
ir the w-shaped betatrcr., However, since line of force in the

stereobetatron is longer than the ccrresponding line in the Letatror,
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the relative elongyation cf line of force is virtually equal.
Actually/really, tae relative elccgations of line of torce fcr bHoth

cases are respectively agual to 4./, and 2/,

L2% us determine *he relaticn cf dencainators ald”

i_- 2“ﬂ—l(1-'2'l) -0 ey — 4r
Iy I Uq ~ Uy ~ g

The secord pmeaber >f the cktained expression is small 1n corfariscn
with the pair, since bcth comgcnerts/terass/addends in the numerator
are nearly equal to each cther in the absolute value, and lercaminator
is ccnsiderably nore than numeratcr. Thus, fractions 4r./, ard
p are in effect equal.

in the specific case vhen1,=Il2cx,u,-2&3c,.h,-|5cx,rn=1&5¢,'

and re¢ =9 cx  and r,=13 cm (tetatrcn on 15 M@V TPI), we have

ly 52,6 — 66,0
—_— = 2 ———
‘.l 52.5 + 127 2’07.

i.€., in the stereobetatrcn the relative elongation cf line ¢t force
even somevhat less than in the w-shaped betatron, and amplituls
magyretic bumfp in the sterecbetatrcn for the exaaple examined dczs nct
deteriorate. The maximur difference in-the lergth of lines cf fcrc:
will be, obviously, [, .e— luw=28", in the steraobetatron and

b =l pen=2r, in the w-shaped tetatron. Analogous with the
preceding/previous case let us find that for this azimuth the
relative elongation of line of force in the stereobetatron is 2, i5

times more than in the tetatrcn of w-shaped ccastruction/design.
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Consequently, on this azimuth it is possible to expect deteriora+tion

ir the awmplitude heterogensity cf field.

L2t us detersine the reluctance of the magnetic circuit cf

betatron, with air jap ané steel pagnetic circuit.
Page 40,
The reluctance of air qgapg

ehere 5, - fuli/total/ccmplete vacuum gap, svitching or air gaps
Slearence of zagnetic circuit, that comprise usually (1.07-1.03) 5453
5 - ce¢ctior of the ccre cf magnetic circuit; ,, - magnetic. Tha

relucrtance of steel I .
R: I'n . Mexce 0

I.— H‘Ob !‘Pos
whare 4=5000 - relative magnetic permeability of transformer steal.
relation of the resistcrs/resistances
.

maxc

%

R lnc @S b

1
e L - —
- ————— .
»

R e b
The ootained expression determines the share cf the reluctarce of
vetatron, which falls tc the steel part of the magnetic circui*. Tks
saze will be the value cf the ccntributicn of the steel pac-t c¢f the

sagjretic circuit to the asplitude heterogeneity of field ad, i.=.,

-\H.' - AH ) I;nur -2

[ by
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The reluctance of air gaps of sterecbetatron is equal to R..=26,/uS,

, { - .
whilc reluctarce on s*eal Ry =—"—= =2  r1hen ratic
uas S vug S
__R"l — =2 - Iy — Ny . . .
R = T and AH, =34 a—"2 The relative amplificaticn of
up A P o«

amplitude magnetic bump cf sterectetatron in comparison with *he2

hetercyeneity ir the hetatron is equal

AH. Iy — 26,
AAS - 2 “xu«‘ - ) °
Fcr men*ticned specific case 3/, 39.=112 i.e., amplitude

heterogeneity increases only 1.12 times, From all that has been
previously stated, it follows that amplitude magnetic bumpg ugcn
trarsfar from the usual tetatron tc the two-chanmter

construction/design virtually dces not deteriorate.

Its absolute value, as in the w~-shaped betatrcm, it depends caly on
the pracisicns/accuracy of the assembly of magnetic circuit ard doss

not exceed the limits cf the allcwed values.

In the given shcrt-cut calculation were not considered th2 stray
fields of electromagnet, since these fields fcr both
constructions/designs have identical order of magnitude, bu* in ths
stereobetatron is observed mcre aexgflicit asyamgetry in magnetic Zlux
distrioution of scattering. The exfperimental chack showed tha% +the

efect of stray fields tc the structure of field dces rct have vi*al
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importance.

The real picture of the static hetsrogeneity of the fiell cf
sterecbatatrcr was cxperimentally have investigated we cn the special

shapes and the electrcmagnets ¢f the accelerators in cperaticn.

Fige 20 depicts amplitude magnetic bump for several magnstic
circuits. The heterogeneity c¢f field in the mcdel of stereobetatrer,
which Joes nct contair magnetizing coils at the pcles, it is shown in
Fig. 20a. Heterogeneity ccmposes =30/0 and takes the asymm2%ric form

as a result of the sucticn effect cf frameworks on azimuth of 909,

In the stereobetatrcn on 10 MeV the static heterogen=ity of
field is less (Fig. 20b), since magnetizing coils are place? cn the
pcle pieces. Fig. 20c depicts anmplitude heterogeneity for tvwc
sterecbetatrons (to 15 and 25 MeV) with the larje air gaps. Since arn
increase in air gaps decreases the effect of the dissymmetry of
construction/design cn the static heterogeneity of field: the lattoar

for thase cases does nct e€xceed 1c/c.

Fige 204 gives the static heterogeneity cf stereobetatrcn on 3
MeV with the toroidal macnetic circuit. Because of this magne*ic
structure is achisved/reached ccnsiderably greater symmetry in the

leakage fluxes on all azimuths. Therefore stati- heterogeneity in




DOC = 80171505 PAGE ,#7

this steraobetatron is small (less than 0.50/0) in the absoluts value

and has symametrical distrituticn,.

For the comparison (Fig. 20e) is given static magnetic tump of
the betatron of w-shaped constructicn/design whose electrcamagne* was
assenbled with the especially high frecision/accuracy and the

thoroughness. The hetercgeneity of field compcses here 1.50/c.
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Pig. 20. Picture of azimuthal magnetic bump of sterecbetatrcn for
several magnetic circuits: a) magnetic circuit with cne stable; b)
sterecbetatren; c) high-current stereobetatron; d} stereotetatron
with toroidal core; e) usual ketatrcn (for compariscn). A - argplitude
heteroyeneity; B - phase hetaerogeneity "natural® and correacted for

both pole pairs.

Key: (1). deg.
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Thus, experimantal data confirmed conclusions the fact t*hat

amplitude magnetic bump in the tuwc-chamber stereobetatron is not

wcrse, but for the accelerators with the ample clearance cr the
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toroidal magnetic circuit it is considerably better than in thsz

betatron of the propagated w-shaped construction/design. Sirce the
absolute value of amplitude magnetic bump in the sterecbetatrcn is
low, then the supplementary ccrrecticn of this heterogeneity it is

nct rejuired.
§1b. Azimuthal phase magnetic tump.

Azimuthal phase heterogeneity in the betatron cf w-shaped
conpstructior/design car reach the value c¢f ordar (5-6)e10-~3 rad,
which corresponds (with the feed cf electromagnet by power current)
to phase shift of magnetic flux fcr differ=2nt points of equilibrium

orbit in 15-20 us.

For decreasing the phase hetercgeneity of field is utiliz=d the
propagated method - methcd of ccagersating turns. Method is based or
vhat closed loop, which encompasses the packet of framework, craatas
due to the induced in the turn current magnetic flux ®s, shif+tad
relative to the main flcw to the side of delay the angie ¢, close %to
90°. Thus, if we to tha packets of the strut cf electromagnet place
closed loops, thern the anticipating/leading flow cn the azimuths,
whick correspond to these packets cf framework, will be shifted to
the side of delay, i.e., the degree of the heterogeneity of fi=2lad

vill cnangee.
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In the complex form the shifted flow is equal to
D= ® i =D 1Pp = b, = i® LD,
where the value with ore and twc primes - projection of vectcrs c¢n
the re2l and imaginary axes of numerical rlane respectively. Cn these
projections can be fcund and ancle “- on which it will turn itself

to the side of delay the vector of flow @,:

"0, — &,

t a.t — ==
8% (9 — ) = i~

Page 96,

The value of phase shift depends Loth on the current in tae

compensating turn and ¢n iapedarce cf turn Z.

For the more effective adjustzent of the heterogeneity cf fic<ld
are applied not closed locps, but ccabinaticn of turns on the packets
with ¢he anticipating/leading flow, included coantrarily with ¢%ha
turns on the packets with the delaying flow. For the pulpose of tae
adjustment of current in the compensating turms is utilized the
injection of these turns from the separate voltage scurce or from th=2
system of the turns, which enccepass entira framework as a whola.
varying the method cf the inclusion of compensating turns intc the

separate groups and changing in them curreat, it is rossible sevaral

[ et
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times to reduce the imitial “natural" phase heterogeneity of fiold.

The method of compensating turns on the struts of magnetic
circuit cannot be used in the stereobetatron due to the atsencz of
rows. In connection with this fcr the correction of phase magaztic
bump 1n the stereobetatrcn is develcped (and it is used in the
accelerators in operation) the methcd of the sector compensa*irg
turns, arranged/located in the 3cirt between fole and framewcrk of
magretic circuit. The correction method of the structure of fi=ld
rerz:ns the same, i.e., the groups of the turns, which encomrass
sectors vwith the delaying field, are switched on contrarily tc the
turns, which encompass sectors with the anticipatiang/leading field.
I this case the corrective action cf turns proves tc¢ be more
effective and descend the expenditures of electrical energy in
ccamparison with the turns, arranged/located on the struts of maygnetic

circuis.

For positioning/arranging the compensating turns between +he
pole and the framework allcws clearance 2-3 mwn, if turns are mountad
on the spacial disk. This leads tc an increase in magnetomotive force

of magnatizing coils by value

L)
where F, - magnetomctive force of the magnetizing ccils of

Af,=~ F,

acceleratcer; 8 - gap Ltetween the framewvork and the pole and n and
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ny - rcuaber of gaps 0. and 64 respectively. Value AF, dces not

exceed 3-5c/¢.
Page 97.

These value can be considerably lcwered, if tc provide on the plane
of pole, turned to the framework, sgecial slots/grocves for lying the
compensating turns. In each of 4 jcints pole - framework is
arrangsd/located the grcuf of ccmpensating turns, of 12 sactcers.
Azimutanal sclution/openinc of eack sector of 309, Azimuthal
solution/opening of each sector cf 30°9. Bach group of sectors has icts

conrection diagram, selected experimentally.

Fige 20b shows "natural™ phase sagnetic tumg of sterzcteta“rern
for both pole pairs and corrected ty sector turns structure of
magnetic field. Natural azimuthal heterogeneity vwe have a scatier 3.3
us, which corresponds tc 1.5 G. After ad justment this scatter is

reduced to 0.4 us, i.e., nmore thanm eight times.

The ad justment of phase magnetic buamp with the aid of cf
compensation turns requires the ccnsiderable expenditure of time,
supplementary consumpticn of electrical enargy and tc¢ the certaina
degree coamplicates the alignsent grccedure and operating the

installation. Therefore cttainirg in the betatron of magnetic :£:ield
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vith the sufficiently small azisutkal heterogeneity, which does rot
require special measures for its adjustment, is very desiratle. For
this in the stereobetatrcns is develcped and used (4 the proposed by
M. P. Filippov method of the special laying cut of the framewcrk of
petatron in the evenly lcaded packets, which sake it possible <o
lcwer the initial "natural” phase heterogeneity of field to ths
lavel, which does not require sutsequently of supplementary
correction with the aid of the cospensating turns. Method consists of

tke tollowing,.

Since the phase heterogeneity cf field tc the larye degree is
determined by nonuniform rmagnetic flux distritution accoriins tec <he
secticn cof framework, the equalization cf this distributicn must leai
to a sharp decrease in the hetercgeneity of field in the in*erpolar
space of w-~shaped betatrcn or stereocbetatron. The identical value of
magnetic inducticn ir all packets can be obtained in the framewcck cf
stapped section, However, the frasewcrk of this sacticn is
technologically more cosglicated. The same effect of rlattsning of
the smagnetic locading cf fpackets fraseworks it is pcssible tc cttain
ic the framework of rectangular crcss section the aprropria%*e laying
out of steel framework tc the packets of the strictly defined

sizes/dinmensions.

Page 98.
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The air loepgitudinal ducts betweer the packets also are regulated
poth according to the sizes/dimensicns and on the location of the
transverse axis of framewcrk., Ccllected thus framework is equivalent
to the framework of stepred secticr. Necessary laying out of +*he
framework of stepped section. The necessary laying ocut cf framework

Zor packets it is easy tc design fer each spacific case.

Table 4 gives the calculated program of the blending of <the

framework cf high-current tetatrcn cn 25 MeV.

- m SRS TT . TR E e
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Table 4.
[£8] q
Homep cTv- m.«f}u‘a cTYV- To(lsu?uun ’ 3a2(op>m cropouy TM&{%: npo-
nenn gake1d newd. Mu naxera Mx l nanera. Mu KJILKH, MM
S 23 7.4 7.8 7,8
7.8
4 25 14,0 5,5 13.8
5,5
3 27 19,4 3,8 9,3
. 3.8
2 30 25,2 2.4 6.2
2,4
1 J0 27.4 1,3 3,7
1,3
0 105 105 0 1.3
105 10§ 0 1.3
1 30 27,4 1.3 3.7
1.3
2 30 25,2 2.4 6.2
2,4
3 27 ! 19.4 3.8 9.3
i 3.8
4 2% 140 5.5 13.8
3,5
5 23 7.4 7.8 7.8
7.8
;
™) '
Toro 180 396,8 - 81,2

Key: (1) Number of the stap/stage of packet. (2). #idth or
step/stage, ma. (3). Thickness cf fpacket mm. (4). Gaf to side o€

packet, am. (5). Thickress of separator, mm. (6). Altogether.

Page 99.
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Framework is divided/marked off intc 11 packets whose thickness ard
sizes/dimensions of the gap Letween the packets (thickness cf

separator) are given in Tatle 4.

rnase magnetic bump 1s decreased 6-8 times. The amplitud=
spread/scope of the phase hetercgeneity of the field of betatrern with
the special to blending dces nct exceed 1.5 G, which is completely
admissible for the betatrcn with the low voltage of injection 30-40
kV. Ir the opsrating stereobetatrcn capture of electrons irn thz
acceleration is observed even with the vcltage of injecticn 8 kV. The
value of the corrected phase hetercgeneity of field comprises with
this 0.3 G, The cutoff/disconnecticn of the system c¢cf the correction

of field decreases the irtensity c¢f radiationsemissicn oaly by 10o/0.

Thus, for the supplementary ccrrection of the phase of
heterogeneity of the magnetic field with high voltages of irnjaction
it is not required. However, in the case of special peed this
heterogeneity can be lowered even several times with the aid of the

method of sector turns, described atove.
Page 100.

Cenclusion,
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kecently in the arrlied sciences and the industrial prcduction
grows/rises the requiremect fcr the powerful/thick scurces of thLe
icnizing radiation/emissicn, the required pulse currernt of tha
accelerated elactrons composing several amperes, and averagc/mean
current - several ten micrcasperes with the erergy cf beam 20-30 veV,
Befcre the creation cf high-current betatroans the electrorn fteams with
such rarameters wvere cbtained only c¢n the linear accelerators and the
microtrons. High-current tetatrcrs, accelerating more than 1012
ealectrons/cycle, are not infericr tc aicrotrons and to linear
accelerators, The averages/mean current of the accelerated clectrors
is aprroximately 25 pA, which ccrresgonds to the average/mean pcwar
of beam of approximately €00 W. These numerals are ccmpared with +the
afpropriate valu2s, obtaiped cn the linear accaleratcrs. The
averag2/mean current cf linear accelerators ard micrectrons can be
aore than the current of high-current betatrons in essence because of
the higher pulse repetiticn frequency. However, we assume/set by
possible to increase current frequercy, vhich feeds betatron a* least
by an order, if we utilize ccntempcrary high-frequency magnetic and
alectrical materials, and therefore by an order to raise the

average/mean current of the accelé¢rated electrons.

Already today high-current tetatrons successfully compete with
the accelerators of other types nct cnly because of the high

intensity of electron beans, but alsc because cf excerptional
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siaplicity of the construction/design of accelerator and simplicity
of i+s oparaticn in ccmparison with the resonance acceleratcrs, The

Jeneral view of the betatron cn 25 MeV and of stereobetatrorn on 15

MeV 1s given in Fig. 21.
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Fig. 21. Geperal Vv

high-current betatron on 25 MeV (L).
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Page 102.

At present there is a real possibility to substantially zeduce

ctr
o
V]

sizes/limensions and weight of high-current betatron withcut
damagye for the parameters c¢f team, i.e., t0 make the existirg
betatrons more movable and even ky more effective. Pcssibly also an
incraase in the charge of the accelerated electron beam evar saveral
times, Works in this directicn continue. High-current betatrcns
undoubtedly will sngage the wcrthy placa in the series/row cf the

scurces of the ionizing radiaticn/ezission.
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